
PART EIGHT 

TECHNOLOGY TRANSFER SEMINARS ON MINE COMJ5UNICATIONS 
AND THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

Arthur D Little, Inc. 



PART EIGHT 

TECHNOLOGY TRANSFER SEMINARS ON MINE COMMUNICATIONS 
AND THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

TABLE OF CONTENTS 

List of Tables 

List of Figures 

I. TECHNOLOGY TRANSFER SEMINARS ON MINE COMMUNICATIONS 

A. INTRODUCTION 

B. ROVING MINER, PAGING 

C. TWO-WAY COMMUNICATIONS WITH ROVING MINERS 

11. THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

A. INTRODUCTION 

B. THEORY OF THE PROPAGATION OF UHF RADIO WAVES IN 
COAL MINE TUNNELS 

C. SUMMARY REPORT OF UPLINK AND DOWNLINK COMMUNICATIONS 
WORKING GROUP 

D. SLlMMARY REPORT OF OPERATIONAL COMMUNICATIONS 
WORKING GROUP 

Page 

8. iii 

8. iv 

8.1 

8.1 

8.3 

8.33 

8.77 

8.77 

Arthur D Little, lnc. 



PART EIGHT 

TECHNOLOGY TRANSFER SEMINARS ON MINE COMMUNICATIONS 
AND THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

LIST OF TABLES 

Table No. T i t l e  

Chapter I, Sect ion B 

1 Roving Miner Paging 

Chapter I ,  Sect ion C 

1 UHF Radio i n  Mines f o r  Roving Miner-to- 
Miner Communications 

Page 

8.32 

Chapter 11, Sect ion B 

I Dif fuse  Radiat ion Component i n  Main Tunnel 
and a t  Beginning of Cross Tunnel 8.88 

11 Exc i t a t i on  of E Mode i n  Cross Tunnel by 
h D i f fu se  Component i n  Main Tunnel 

111 E f f e c t  of Antenna O r i e n t a t i o n  8.88 

I V  I n s e r t i o n  Loss (L.) 
1 

V Calcu la t ion  of Overa l l  Loss f o r  E Mode with 
Two Halfwave Dipole Antennas 

h 
8.88 

V I  Ove ra l l  Loss Along a Path Inc luding  One Corner 
Eh Mode wi th  Halfwave Dipole Antennas 8.88 

Arthur D Little, Inc. 



PART EIGHT 

TECHNOLOGY TRANSFER SEMINARS ON MINE COMMONICATIONS 
AND THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

LIST OF FIGURES 

Figure  No. T i t l e  

Chapter I ,  Sec t ion  B 

1 I l l u s t r a t i o n  of Current Flow Produced by 
Driving Roof Bol t s  

2 Block Diagram of Roof Bo l t  Experiment 

3 Roof Bo l t  Attachment 

4 88-kHz Repeater  

5 Roof Bo l t  Coverage 

6 Whole Mine Paging System 

7 Reach Encoder In s  t a l l a t  ion  

8 88-kHz Transmi t te r  i n  Mine Of f i ce  

9 P i l o t  Wire Termination 

10 Miner Wearing Pocket Pager 

11 Paging on T r a i l i n g  Cable 

12 Call A l e r t  Antenna I l l u s t r a t i n g  Magnetic F i e ld  

1 3  C a l l  A l e r t  Coverage 

14 C a l l  A l e r t  Transmit ter  

15 C a l l  A l e r t  Receiver Worn by Miner 

16 C a l l  A l e r t  Paging System 

17 Keying Transmi t te r  and Keying Receiver 
(Control Uni t )  

Page 

Arthur D Little, Jnc 



PART EIGHT 

TECHNOLOGY TRANSFER SEMINARS ON MINE COMMUNICATIONS 
AND THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

LIST OF FIGURES 
( Continued) 

F i eu re  NO. T i t l e  Page 

Chapter I, Sec t i on  C 

Two-Way Wireless Sec t i on  Radio System 

UHF Wireless Radio i n  Coal Mines, 
P r i n c i p l e  of Operat ion 

UHF Wireless Radio S i g n a l  A t t enua t i on  Loss 
i n  Coal Mine E n t r i e s  

P r ed i c t ed  UHF Wire less  Radio Coverage 

UHF Two-Way Wire less  Sec t i on  Radio Coverage 
i n  t h e  S a f e t y  Research Mine 

Two-Way Wireless  Sec t i on  Radio System 
Block Diagram 

Miner Using I n t r i n s i c a l l y  Sa f e  Handy T a l k i e  Uni t  

Handy Ta lk i e  Operat ion Using Hardhat wi th  Ear 
Speakers and Bone Conductance Microphone 

Roof-Mounted Radio-to-Carrier Sur face  I n t e r -  
connect  Uni t  and Handy Ta lk i e  Unit  8 .53  

Guided Wireless Radio System 8.55 

Guided Wireless Radio w i th  Coaxial  Cable,  
P r i n c i p l e  of Operat ion 8.57 

Radiax Coaxia l  Cable ,  Cut-Away View 8.59 

Two-Way Communication Range f o r  Radiax 
Guided Wire less  Radio System 

Guided Wireless Radio System, Propaga t ion  
Down Cross-Cuts Off Haulage Ways 8.63 

A UHF Guided Wire less  Radio System Using 
Radiax Cable 

Arthur D Little, Inc. 



PART EIGHT 

TECHNOLOGY TRANSFER SEMINAR ON MINE COMMUNICATIONS 
AND THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

LIST OF FIGURES 
(Continued) 

F igure  No. T i t l e  

Chapter I ,  Sec t ion  C (Continued) 

16 UHF 420 MHz Guided Wireless  Radio System 
I n s t a l l e d  i n  t h e  Sa fe ty  Research Mine 

1 7  System Cont ro l  Console 

18  Two-Frequency 12-Watt Repeater S t a t i o n  

19 S ingle  Frequency 40-Watt Base S t a t i o n  and 
Spec i a l  Power Supply Unit  

20 Sur face  ~ransmitter/~eceiver/Antenna S t a t i o n  
f o r  Overland Radio Loopback 

Chapter 11, Sec t ion  B 

1 Ref rac t ion  Loss f o r  Eh and E Modes i n  
v 

High Coal 

2 Ref rac t ion  Loss f o r  Eh Mode i n  Low Coal 

3 Resul tan t  Propagation Loss f o r  Eh Mode i n  
High Coal 

4 Corner Loss i n  High Coal (Frequency-415 MHz) 

5 Corner Loss i n  High Coal (Frequency-1000 MHz) 

6 T o t a l  Loss f o r  Various Dis tances  Along a 
S t r a i g h t  Tunnel 

7 Ove ra l l  Loss i n  a S t r a i g h t  Tunnel i n  High Coal 
(Frequency-415 MHz) 

8 Overa l l  Loss i n  a S t r a i g h t  Tunnel i n  High Coal 
(Frequency-1000 MHz) 

C h a ~ t e r  11. Sec t ion  D 

Page 

1 Pred ic t ed  Coverage of Mine Sec t ion  by UHF 
Radio f o r  Two Assumed S i t u a t i o n s  

Arthur D Little, Inc. 



PART EIGHT 

TECHNOLOGY TRANSFER SEMINARS ON M I N E  COMMUNICATIONS 
AND THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

I .  TECHNOLOGY TRANSFER SEMINARS ON MINE COMMUNICATIONS 

A. INTRODUCTION 

During t h e  f i r s t  q u a r t e r  of 1973 ADL worked c l o s e l y  w i th  PMSRC s t a f f ,  
under an extremely compressed t ime schedule ,  on a l l  a s p e c t s  of t h e  
d e t a i l e d  p lanning ,  o r g a n i z a t i o n  and o v e r a l l  coo rd ina t i on  and p r e p a r a t i o n  
of t h e  l e c t u r e s  and in-mine demonstrat ions  f o r  t h e  Bureau's Technology 
T rans f e r  Seminar on Mine Communications given i n  March of  1973 t o  repre -  
s e n t a t i v e s  of t h e  mining i n d u s t r y .  

Our e f f o r t s  c en t e r ed  on t h e  d e t a i l e d  o rgan i za t i on  and p r e p a r a t i o n  of 
each of t h e  f i v e  t e c h n i c a l  seminar  l e c t u r e s  and a s s o c i a t e d  suppor t i ng  
m a t e r i a l ,  and t h e  coo rd ina t i on  of  t a s k s  ass igned  t o  ADL and o t h e r  seminar 
p a r t i c i p a n t s .  Revised and expanded d r a f t s  of t h e  seminar papers  were 
prepared from rough d r a f t  v e r s i o n s  ob t a ined  from PMSRC, C o l l i n s  Radio 
and ADL s t a f f .  Measurements were made t o  g a t h e r  key d a t a  on t h e  opera- 
t i o n  and performance of each of t h e  fo l lowing  systems i n s t a l l e d  i n  t h e  
Bruceton S a f e t y  Research Mine; c a l l  a l e r t  paging,  roof  b o l t  paging,  
s e c t i o n  w i r e l e s s  r a d i o ,  and guided w i r e l e s s  r a d i o  systems.  These d a t a  
were ana lyzed ,  manufac ture r ' s  equipment s p e c i f i c a t i o n s  u t i l i z e d ,  and 
c a l c u l a t i o n s  made t o  p rov ide  performance curves  and d a t a  f o r  each  o f  
t h e  above systems.  

A s u b s t a n t i a l  amount of ar twork was conceived and prepared  f o r  35 m 
s l i d e s ,  system i d e n t i f i c a t i o n  p o s t e r s  i n  t h e  mine, and seminar handouts .  
This  ar twork inc luded  some f o r t y  8-1/2" x 11" l i n e  ske t ches ,  graphs,  
b lock  diagrams, c i r c u i t  diagrams, coverage maps, and o t h e r  l i n e  drawings; 
f i v e  30" x 40" b lock  diagram system i d e n t i f i c a t i o n  p o s t e r s  s u i t a b l e  f o r  
in-mine u se ;  a  20" x 30" d e t a i l  p e r s p e c t i v e  i l l u s t r a t i o n  of a  r ep re sen t -  
a t i v e  c o a l  mine l a y o u t ;  f o r t y  viewgraphs ; and seventy  35 m s l i d e s  of 
t h e  ar twork and word c h a r t s .  

Conferences,  d i s c u s s i o n s  and review s e s s i o n s  were h e l d  w i th  conference 
p a r t i c i p a n t s  t o  h e l p  coo rd ina t e  t h e  v a r i o u s  e f f o r t s ,  o b t a i n  t e c h n i c a l  
in format ion ,  and make f i n a l  p l ans  r ega rd ing  t h e  l e c t u r e  p r e s e n t a t i o n s ,  
a s s o c i a t e d  v i s u a l  a i d s ,  and t h e  c o m u n i c a t i o n  system i n s t a l l a t i o n s  t o  
be demonstrated i n  t h e  Bruceton mine. These meetings inc luded  f i n a l  
systems checkouts  and d r y  run p r e s e n t a t i o n s  and reviews of  t h e  l e c t u r e s  
and mine demons t ra t ions .  This  phase of t h e  seminar e f f o r t  concluded 
w i th  R. Lagace and R. Spencer of ADL p a r t i c i p a t i n g  i n  two days o f  
seminar p r e s e n t a t i o n s  i n  t h e  l e c t u r e  h a l l  and i n  t h e  Bruceton mine. 
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This  p a r t i c i p a t i o n  inc luded  t h e  p r e s e n t a t i o n  of two papers  coauthored 
wi th  H. Parkinson of PMSRC, and e n t i t l e d  "Roving Miner, Paging" and 
"TWO-way Communications w i th  Roving Miners. " 

The second phase of t h i s  seminar e f f o r t  cons i s t ed  p r imar i l y  of  p repar ing  
f i n a l  e d i t e d  v e r s i o n s  of each of  t h e  f i v e  seminar papers ,  and typ ing  
them i n  a  s p e c i a l  d r a f t  format f o r  subsequent p rocess ing  and p u b l i c a t i o n  
a s  an Information Circula* (IC) on Mine Communications by t h e  Bureau's 
pub l i ca t i on  o f f i c e .  The s p e c i a l l y  formatted d r a f t s  of t h e  two papers  
coauthored by ADL s t a f f  have been inc luded  i n  t h e  fol lowing s e c t i o n s  
f o r  convenient r e f e r ence .  

The f i n a l  phase of t h e  ADL seminar e f f o r t  cons i s t ed  i n  provid ing  minor 
a s s i s t a n c e  t o  t h e  Bureau i n  a d d i t i o n a l  p r e s e n t a t i o n s  of  t h i s  seminar t o  
t h e  mining i n d u s t r y .  

* Information C i r c u l a r  No. 8635. 

11.e 
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B. ROVING MINER, PAGING 

by 

Richard H .  spencer1 and Howard E. Parkinson 
2 

ABSTRACT 

Mine paging te lephones i n c r e a s e  t h e  e f f e c t i v e n e s s  of t h e  mine per-  

sonne l .  The page message reaches  t h e  personne l  w i t h i n  h e a r i n g  d i s t a n c e  

of t h e  phone. Personne l  paging extends t h e  page t o  t h e  i n d i v i d u a l  rov ing  

miner wherever h e  may be .  

One system i n s t a l l e d  a t  t h e  Bureau of Mines Sa fe ty  Research mine 

is  a "d ia l - in t f  system. An in-mine page can o r i g i n a t e  from any mine 

p u b l i c  phone. The system,  e x c l u s i v e  of t h e  B e l l  System equipment, 

i nc ludes  an encoder ,  88-kHz t r a n s m i t t e r ,  p i l o t  w i r e  s i g n a l  coup le r ,  

88-kHz r e p e a t e r ,  a roof  b o l t  s i g n a l  couple r ,  and pocket  r e c e i v e r s .  

There a r e  two con f igu ra t i ons  of t h e  system. One con f igu ra t i on  is  

a whole mine con f igu ra t i on  and t h e  o t h e r  is a working s e c t i o n  con f igu ra t i on .  

There a r e  two forms of t h e  working s e c t i o n  con f igu ra t i on .  One form p u t s  

t h e  s e l e c t i v e  page on to  t h e  mine phone l i n e  and conver t s  t h e  message t o  

88-kHz a t  t h e  s e c t i o n ,  thereby extending t h e  page a r e a  t o  t h e  f a c e .  

The second form is  a c a l l  a l e r t  system. This  system keys a c a l l  

a l e r t  t r a n s m i t t e r  on t h e  s e c t i o n .  The system has  a capac i t y  t o  handle  

24 s e c t i o n s .  It i s  a c o s t - e f f e c t i v e  system wi th  an added f e a t u r e  of provid- 

i n g  an  emergency beacon l o c a t o r  a t  t h e  t ime of a mine emergency. 

' ~ r t h u r  D.  L i t t l e ,  I n c . ,  Cambridge, Mass. 

2 ~ u p e r v i s o r y  E l e c t r i c a l  Research Engineer ,  I n d u s t r i a l  Hazards and 
Communications, P i t t s b u r g h  Mining and Sa fe ty  Research Cente r ,  
Bureau of Mines, U.S. Department of t h e  I n t e r i o r ,  P i t t s b u r g h ,  Pa. 

Arthur D Little, Inc 
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INTRODUCTION 

Current  Paging Systems 

Mine te lephones a r e  t h e  backbone of most p r e sen t  mine communications 

systems. There a r e  two main te lephone ins t ruments :  t h e  magneto t e l e -  

phone and t h e  mine pager  te lephone.  A l a r g e  mine may have 40 o r  more 

of t he se  phones. S e l e c t i v e  c a l l i n g  is at tempted on both types of  phones. 

The magneto phone i s  used t o  make a s e l e c t i v e  c a l l  by a coded r i n g  t h a t  

is aud ib l e  near  each phone l o c a t i o n .  The mine pager phone is used t o  make 

a s e l e c t i v e  c a l l  by paging a p a r t i c u l a r  i n d i v i d u a l  by name over  loud- 

speakers  a t  t h e  phone l o c a t i o n s .  The s e l e c t i v e  c a l l  f e a t u r e  of t h e  mine 

pager  phone is  an improvement over  t h a t  of t h e  magneto phone, and a s  a 

r e s u l t  t h e  mine pager  phone has  gained wide acceptance.  These phones can 

be  made pe rmis s ib l e  and because of t h e i r  b a t t e r y  ope ra t i on  a r e  ready f o r  

us ing  dur ing  an  emergency. 

Addi t iona l  Paninn Needs 

The e f f e c t i v e n e s s  of communication wi th  roving miners underground would 

be  s i g n i f i c a n t l y  improved by meeting t h e  fol lowing a d d i t i o n a l  paging needs: 

(1) S e l e c t i v e  page t o  t h e  des i r ed  i n d i v i d u a l  

( 2 )  Extent ion  of paging coverage t o  i n d i v i d u a l s  i n  a l l  working p l aces  

Cur ren t ly ,  t h e r e  is  confusion on t h e  mine phone paging system. Ind iv idua l s  

h e a r  pages t h a t  a r e  no t  meant f o r  them, s i n c e  i t  i s  a p a r t y  l i n e  system. 

Ind iv idua l s  a r e  f r equen t ly  no t  w i t h i n  t h e  a c o u s t i c  range of a page phone 

loudspeaker ,  o r  may b e  i n  an a r e a  of high a c o u s t i c  n o i s e  nea r  machinery. 

Thus, many pages a r e  n o t  hea rd ,  and even i f  a page is  heard ,  i t  i s  £re- 
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quen t ly  ha rd  t o  t e l l  who is  be ing  paged, As a  r e s u l t ,  i t  i s  customary 

f o r  many i n d i v i d u a l s  t o  i gno re  pages un less  a  p a r t i c u l a r  c a l l  i s  expect-  

ed.  This makes i t  d i f f i c u l t  t o  g e t  a  rep1.y t o  an incoming c a l l ,  r e s u l t -  

i n g  i n  people  o f t e n  having t o  be  d i spa tched  i n t o  t h e  mine t o  l o c a t e  

s p e c i f i c  i n d i v i d u a l s .  The r o o t  cause of t h i s  s i t u a t i o n  i s  t h a t  t h e  mine 

pager  phone message goes t o  t h e  pager  phones r a t h e r  than  t o  t h e  s p e c i f i c  

i n d i v i d u a l  be ing  paged. 

PERSONAL PAGING V I A  ROOF BOLTS 

Pe r sona l  paging extends t h e  page message t o  t h e  i n d i v i d u a l  . A 

sma l l  pocket pager  is  c a r r i e d  by t h e  i n d i v i d u a l .  This  pager r ece ives  a  

message only when t h e  p a r t i c u l a r  i n d i v i d u a l  i s  be ing  paged. The s e l e c t i v e  

c a l l  f e a t u r e  of t h e  page removes t h e  confusion t h a t  i s  common i n  t h e  mine 

page te lephone system. Many pe r sona l  paging systems a r e  i n  use i n  a  

v a r i e t y  of communication a p p l i c a t i o n s .  These systems a r e  very e f f e c t i v e  

i n  h o s p i t a l s ,  i n d u s t r i a l  p l a n t s ,  and o t h e r  l a r g e  b u i l d i n g s .  I n  t h e i r  

o r i g i n a l  form they  a r e  no t  s a t i s f a c t o r y  f o r  mine use;  however, r e l a t i v e l y  

s t r a i g h t f o r w a r d  adap t a t i ons  based on ex tens ions  of e x i s t i n g  mine communication 

systems have proved t o  be  f r u i t f u l .  These adap t a t i ons  a r e  based on e x i s t -  

i n g  t r o l l e y  w i r e  and mine te lephone systems,  as  descr ibed  below. 

Demonstration of paging c a p a b i l i t i e s  was made by us ing  c a r r i e r  frequency 

equipment o p e r a t i n g  a t  t h e  88-kHz t r o l l e y  w i r e  phone frequency.  S igna l s  

from t h e  88-kHz t r a n s m i t t e r  were connected t o  t h e  l e ads  of t h e  main power 

system of t h e  mine. The paging func t i on  was i nco rpo ra t ed  by us ing  a  

commercial encoder manufactured by Reach t o  p rov ide  an i n p u t  t o  t h e  88-kHz 
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t r a n s m i t t e r .  This  encoder provided 200 s e l e c t i v e  c a l l  numbers. 

Pocket pagers  were given t o  s e v e r a l  i nd iv idua l s  t o  ca r ry  w i th  them a s  

they were roving underground. It was p o s s i b l e  t o  reach them i n  most 

of t h e  working p l aces .  

There were p l a c e s ,  however, where t he  page s i g n a l  was too weak 

thereby r e q u i r i n g  t h e  a d d i t i o n  of equipment, namely an 88-kHz r e p e a t e r .  

This  r e p e a t e r  i s  fed  by the  88-kHz s i g n a l s  on t h e  power mains, and t h e  

ou tput  of t h e  r e p e a t e r  i s  connected t o  roof b o l t s .  This a d d i t i o n  provided 

page c a p a b i l i t y  up t o  t h e  very f ace  of t h e  working s e c t i o n s .  

The pocket pagers  a r e  s e l e c t i v e  and a r e  operated only when t h e  page 

messages a r e  be ing  t r ansmi t t ed .  The normal t r o l l e y  w i r e  communications 

a r e  n o t  heard by an i n d i v i d u a l  no t  be ing  paged unless  a bu t ton  on t h e  

pager u n i t  i s  depressed.  We have continued t o  ope ra t e  t h e  equipment a t  

88-kHz; however, we recognize t h a t  i t  could be  used a t  some o t h e r  f r e -  

quency t h a t  would prec lude  i n t e r f e r e n c e  wi th  normal 88-kHz t ransmiss ions .  

P r i n c i p l e s  of Operation 

Figure 1 i l l u s t r a t e s  t h e  cu r r en t  flow t h a t  r e s u l t s  when two roof 

b o l t s  a r e  d r iven  by a source  of power. It i s  noted on t h i s  f i g u r e  t h a t  

FIGURE 1. - I l l u s t r a t i o n  of Current  
Flow Produced by Driving Roof B o l t s .  

t h e  c u r r e n t  flow extends f a r  i n t o  t h e  m a t e r i a l  surrounding t h e  roof b o l t s .  

Indeed, a t  very g r e a t  d i s t a n c e s  t h e r e  is  s t i l l  c u r r e n t  flow; t he  problem 

is t h a t  t h e  c u r r e n t s  a r e  q u i t e  sma l l  compared t o  t h e  background no i se  

c u r r e n t s .  One can e a s i l y  s e e  t h a t  i f  a p a i r  of probes i s  a t tached  t o  

t h e  m a t e r i a l  surrounding t h e  roof b o l t s ,  even a t  g r e a t  d i s t a n c e s ,  vo l tages  

8.6 
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FIGURE 1 ILLUSTRATION OF CURRENT FLOW PRODUCED BY DRIVING ROOF BOLTS 
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produced by t h e  c u r r e n t  flow w i l l  b e  ob ta ined  from t h e s e  probes.  It  i s  

a l s o  ev iden t  t h a t  i f  t h e  c u r r e n t  flow i s  a l t e r n a t i n g ,  t h e r e  w i l l  b e  asso- 

c i a t e d  magnetic f i e l d s  which occur i n  t h e  m a t e r i a l  and i n  t h e  surrounding 

r eg ions .  These f i e l d s  extend i n t o  t h e  open a r e a s  of t h e  mine and hence 

may b e  picked up by loop antennas throughout t h e  mine reg ion .  It  is  i m -  

p o r t a n t  t o  know how f a r  from t h e  roof b o l t s  one may o b t a i n  u sab l e  s i g n a l s  

i n  t h i s  f a sh ion .  

Emec ted  Coverage 

An experiment was conducted i n  t h e  Bruceton Experimental mine a s  

i l l u s t r a t e d  i n  F igure  2 .  An 88-kHz r e p e a t e r  of nominal 20-watt c a p a b i l i t y  

was a t t ached  t o  two roof b o l t s  s epa ra t ed  by a d i s t a n c e  of approximately 

120 f e e t .  The r e p e a t e r  was dr iven  from a sine-wave source ,  and a c a l i b r a t -  

ed loop toge the r  wi th  a c a l i b r a t e d  r e c e i v e r  was used t o  measure t h e  v e r t i -  

c a l  magnetic f i e l d  s t r e n g t h  throughout a l l  reg ions  of t h e  Bruceton mine. 

The manner i n  which roof b o l t  a t tachments  were made is  i l l u s t r a t e d  i n  

F igure  3. A s imple ,  d i r e c t  e l e c t r i c a l  connect ion t o  roof b o l t s  is i l l u s -  

t r a t e d  he re .  The r e p e a t e r  is  shown i n  F igure  4. Figure 5 shows t h e  

coverage t o  b e  expected w i th  a Reach pocket pager r e c e i v e r  using t h e  

roof b o l t  system i n  t h e  Bruceton mine. Three contours  a r e  shown on t h i s  

FIGURE 2. - Block Diagram of Roof Bol t  Experiment. 
FIGURE 3. - Roof Bol t  Attachment. 
FIGURE 4. - 88-kHz Repeater.  
FIGURE 5. - Roof Bol t  Coverage. 

p l o t .  The f i r s t  contour  is  f o r  a rece ived  s igna l - to -noise  r a t i o  of 15 db. 

This  contour  was determined by comparing t h e  measured va lues  of v e r t i c a l  
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FIGURE 3 ROOF BOLT ATTACHMENT 

8.10 

Arthur D Little, Inc 



FIGURE 4 88 kHz REPEATER 
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magnetic f i e l d  s t r e n g t h  and t h e  measured values of v e r t i c a l  magnetic f i e l d  

no i se  present  during the  experiment. A 2,000 Hz bandwidth was assumed 

f o r  t hese  determinat ions.  It i s  seen t h a t  t h i s  boundary encloses e s s e n t i a l -  

l y  a l l  of t h e  Bruceton mine wi th  t h e  excelption of a region a t  t h e  f a r  

l e f t  extremity.  Using t h e  measured f i e l d  s t r e n g t h  d a t a  and noise  obtained 

by t h e  National  Bureau of Standards (NBS) i n  t h e i r  mine electromagnetic  

no i se  measurement program, two o the r  contlours a r e  over la id  on t h i s  p l o t .  

The f i r s t  one i s  the  expected l i m i t  of coverage were the  no i se  l i k e  t h a t  

i n  t h e  f a c e  a r e a  of a working mine near  a Lee Norse miner. It is  noted 

t h a t  t h i s  coverage is l e s s  than t h a t  f o r  t he  Bruceton noise .  The t h i r d  

contour r ep resen t s  t h e  expected coverage were t h e  no i se  l i k e  t h a t  found 

i n  t h e  same working mine near  a ca r  p u l l  while  t h e  ca r  p u l l  was opera t ing .  

This machine produced t h e  h ighes t  electrolmagnetic no i se  l e v e l s  found by 

NBS i n  t h e i r  mine measurements, and as  such probably represent  an upper 

l i m i t  of expected no i se  i n  mines a t  t h e  frequencies  of i n t e r e s t  f o r  mine 

communications. From these  p l o t s ,  i t  can b e  seen t h a t  coverage of a 

t y p i c a l  working s e c t i o n  can be  expected from roof b o l t  attachments made 

near  t h e  cen te r  of t h a t  s e c t i o n .  

Svstem D e s c r i ~ t i o n  

The o v e r a l l  block diagram of t h e  system a s  i n s t a l l e d  i n  Bruceton i s  

shown i n  Figure 6.  The paging system demonstrated i n  Bruceton can o r i g i n a t e  

FIGURE 6 .  - Whole Mine Paging System. 

pages from any d i a l  phone wi th in  t h e  PBX a t  Bruceton. The c a l l e r  d i a l s  1, 

followed by a th ree -d ig i t  code. This connects h i s  phone through t h e  PBX 
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t o  a Reach encoder which t r a n s l a t e s  h i s  d i a l e d  code t o  t h e  corresponding 

Reach r e c e i v e r ' s  code. The s i g n a l  genera ted  by t h e  encoder is  t r a n s f e r r e d  

through a p r i v a t e  l i n e  t o  a 20 w a t t  88 kHz t r a n s m i t t e r  l oca t ed  i n  t h e  power 

s u b s t a t i o n .  The 88-kHz t r a n s m i t t e r  ou tput  vo l t age  i s  connected between 

t h e  p i l o t  check wi re  and ground of t h e  power cab l e  t h a t  runs down i n t o  t h e  

mine. I n  t h e  mine t h e  88-kHz s i g n a l  is taken from t h e  p i l o t  check wi re  

and fed  through a 20 w a t t  88-kHz r e p e a t e r .  The output  of t h i s  r e p e a t e r  

is  connected t o  a p a i r  of roof b o l t s ,  and t h e  pocket pagers  worn by key 

personnel  i n  t h e  mine respond t o  t h e i r  unique pocket-page code. The per-  

son c a l l i n g  t h e  page has  an oppor tun i ty  f o r  10 seconds of message which 

can be  rece ived  by t h e  person ca r ry ing  the  pocket pager .  I n  gene ra l ,  i t  

is in tended  t h a t  t h e  person be ing  paged go t o  t h e  n e a r e s t  phone i n  t h e  

mine and respond t o  t h e  r eques t  f o r  communication. Figure 6 i l l u s t r a t e s  

two 88-kHz t r a n s m i t t e r s  used t o  cover two working s e c t i o n s .  This  number 

can be expanded t o  cover each of t h e  working s e c t i o n s  i n  a mine. The 

p r i n c i p a l  of ope ra t i on  is  t h e  same. 

F igure  7 i l l u s t r a t e s  t h e  i n s t a l l a t i o n  of t h e  Reach encoder ,  and 

F igure  8 shows t h e  88 kHz t r a n s m i t t e r  i n  t h e  mine o f f i c e .  The p i l o t  

w i r e  te rmina t ion  i s  shown i n  F igure  9,and t h e  underground 88 kHz r e p e a t e r  

a s  shown i n  F igure  4 .  F igure  10 i l 1 u s t r a t . e ~  t h e  way i n  which the  pocket 

pager can b e  worn. 

FIGURE 7. - Reach Encoder I n s t a l l a t i o n .  
FIGURE 8 .  - 88-kHz Transmi t te r  i n  Mine Of f i ce .  
FIGURE 9 .  - P i l o t  Wire Termination, 
FIGURE 10.  - Miner Wearing Pocket Pager .  
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FIGURE 8 88-kHz TRANSMITTER I N  MINE OFFICE 
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FIGURE 9 PILOT WIRE TERMINATION 
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FIGURE 10 MINER WEARING POCKET PAGER 
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There i s  a second means of employing paging a t  c a r r i e r  f requenc ies  

i n s i d e  t he  mine. The paging t r a n s m i t t e r  can be connected t o  t h e  mine 

te lephone w i r e s ,  connect ing t h e  s i g n a l  between both wi res  and ground. 

The phone wi re s  and ground then become t h e  t ransmiss ion  l i n e  f o r  t he  

c a r r i e r  frequency mine paging system. Once aga in ,  r e p e a t e r s  feeding 

roof b o l t s  can b e  added i n  t he  mine working s e c t i o n  a r e a  t o  extend t h e  
1 

coverage away from t h e  t ransmiss ion  l i n e s .  

The 88-kHz system descr ibed  above f o r  whole-mine paging has  many 

s i m i l a r i t i e s  wi th  t h e  t r o l l e y  w i r e  c a r r i e r  communication systems used 

t o  d i spa t ch  dc haulage v e h i c l e s .  A s  such ,  paging s i g n a l s  placed on t h e  

t r o l l e y  w i r e  can a l s o  b e  extended i n t o  t h e  s e c t i o n  v i a  t h e  cab l e s  of dc  

f a c e  machines connected t o  t h e  t r o l l e y  w i r e  power system. Hence, i n  t h e  

v i c i n i t y  of a t r o l l e y  w i r e  o r  t r a i l i n g  cab l e s ,  a miner wi th  a pocket  pager 

w i l l  be  a b l e  t o  p ick  up t h e  page s i g n a l s  v i a  t he  magnetic f i e l d s  i n  t h e  

v i c i n i t y  of t h e s e  cab les .  Such an a p p l i c a t i o n  i s  i l l u s t r a t e d  i n  F igure  11- 

FIGURE 11. - Paging on T r a i l i n g  Cable. 

CALL ALERT PAGING 

A s p e c i a l  form of paging i s  commonly c a l l e d  " c a l l  a l e r t . "  It 

d i f f e r s  from t h e  pocket paging system i n  t h a t  i t  produces a s e l e c t i v e  

c a l l  a l e r t  s i g n a l  t h a t  n o t i f i e s  an i n d i v i d u a l  when t h e  mine paging 

te lephone i s  being used t o  page him. This  system i s  no t  capable  of a s  

wide an a r e a  of coverage a s  t h e  above roof-bol t  paging system: however, 
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i t  is  very e f f e c t i v e  i n  t h e  working s e c t i o n .  Once aga in  a d d i t i o n a l  

equipment was added t o  t h e  e x i s t i n g  mine communications system. This  

t i m e  t h e  equipment was added t o  t h e  mine te lephone l i n e .  A simple 

t r a n s m i t t e r  was added i n  t h e  mine foreman's o f f i c e  and a  r e c e i v e r  and 

c a l l  a l e r t  t r a n s m i t t e r  were added i n  t h e  mine s e c t i o n .  The loop antenna 

of t h e  c a l l  a l e r t  t r a n s m i t t e r  was wrapped around a  p i l l a r .  

I n  o rde r  t o  r ece ive  a  c a l l  a l e r t ,  t h e  i n d i v i d u a l  c a r r i e s  a  pocket 

a l e r t  r e c e i v e r .  The r e c e i v e r  has  a  b l i n k i n g  l i g h t  t o  i n d i c a t e  a  c a l l .  

From t h e  s u r f a c e ,  a  non-audible tone is s e n t  over  t h e  te lephone wires  

and is rece ived  by a  s e l e c t i v e  f i l t e r ,  which i n  t u r n  ene rg i ze s  t h e  

c a l l  a l e r t  t r a n s m i t t e r  on t h e  s e c t i o n  be ing  paged. In s t ead  of paging 

over t h e  mine pager te lephone system, t h e  paging is  persona l ized  t o  

those  s e c t i o n  i n d i v i d u a l s  ca r ry ing  t h e  c a l l  a l e r t  r e c e i v e r s .  When 

t h e  pocket r e c e i v e r  i n d i c a t e s  a  c a l l  a l e r t ,  t h e  i n d i v i d u a l  walks t o  t h e  

mine pager  phone on t h e  s e c t i o n  and r e p l i e s  t o  t h e  page c a l l .  This  

system was developed from work performed i n  t he  Bureau of Mines program 

on e lec t romagnet ic  d e t e c t i o n  of t rapped miners.  

There is  an a d d i t i o n a l  b e n e f i t  t o  t h i s  system. The s i g n a l  be ing  

t r ansmi t t ed  on t h e  s e c t i o n  i s  a low-frequency s i g n a l  t h a t  a l s o  p e n e t r a t e s  

t h e  overburden. I t  has  been p o s s i b l e  t o  r ece ive  such s i g n a l s  on t h e  sur -  

f a c e  some 1000 f e e t  above t h e  mine s e c t i o n .  Miners on t h e  s e c t i o n  can 

use t h i s  t r a n s m i t t e r  f o r  emergency s i g n a l i n g  t o  t h e  su r f ace .  Conversely,  

t h e  miners can a l s o  use t h e  c a l l  a l e r t  r e c e i v e r  t o  r ece ive  s i m i l a r  opera- 

t i o n a l  o r  emergency t ransmiss ions  from a  s u r f a c e  t r a n s m i t t e r .  
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P r i n c i p l e  of Operation 

Figure 1 2  i l l u s t r a t e s  a c a l l  a l e r t  t r ansmi t t e r  antenna and i t s  

FIGURE 12.  - C a l l  A l e r t  Antenna I l l u s t r a t i n g  Magnetic F ie ld .  

assoc ia ted  magnetic f i e l d .  The cu r ren t  flowing i n  the  loop produces a 

magnetic f i e l d  which l i n k s  t h i s  loop wi th  a smal l  p ick  up loop i n  a 

c a l l  a l e r t  r ece ive r  c a r r i e d  by a person. The ope ra t iona l  range of t h i s  

system i s  e s s e n t i a l l y  the  d i s t ance  a t  wh:ich t h e  received s i g n a l s  have 

become smal l  enough f o r  t h e  background no i se  t o  i n t e r f e r e  with t h e i r  

recept ion .  

Once again ,  an experiment was done i n  the  Bruceton Experimental 

mine t o  determine the  e f f i cacy  of t h i s  system i n  providing paging cover- 

age throughout a working s e c t i o n .  A loop antenna was placed around a 

c o a l  p i l l a r  and dr iven  wi th  a t r a n s m i t t e r  opera t ing  a t  a frequency of 

3030 Hz, and a c a l i b r a t e d  r ece ive r  tuned t o  t h i s  frequency was ca r r i ed  

through t h e  mine t o  determine the  s i g n a l  s t r e n g t h  received a t  var ious  

p a r t s  of t h e  mine. The r e s u l t s  of these  measurements a r e  shown i n  Figure 

13  which i l l u s t r a t e s  t h e  e x t e n t  of t h e  c a l l  a l e r t  coverage. These cover- 

FIGURE 13. - C a l l  A le r t  Coverage. 

ages a r e  f o r  a 5-Hz bandwidth r ece ive r .  Three contours a r e  shown. The 

f i r s t  i s  f o r  t h e  background no i se  l e v e l  found a t  t h e  Bruceton mine, 

which we c a l l  low no i se .  It is  seen t h a t  t h e  coverage provided a t  a 
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FIGURE 12 CALL ALERT ANTENNA ILLUSTRATING MAGNETIC FIELD 
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15-db s igna l - to -noise  r a t i o  extends through most of t h e  mine a r e a ,  exclud- 

i n g  t h e  f a r  extreme l e f t  hand corner .  Measured n o i s e  from ope ra t i ng  mines 

has  been used t o  determine t h e  contours  of coverage t h a t  would r e s u l t  

l e r e  such n o i s e  l e v e l s  p r e sen t  i n  t h e  Bruceton mine. I n  t h e  medium 

n o i s e  case ,  a sma l l  reg ion  of t h e  above coverage is  e l imina t ed ,  wh i l e  

i n  t h e  high-noise  ca se ,  a f u r t h e r  shr inkage  of coverage i s  observed. 

T h e  high-noise ca se  r e p r e s e n t s  n o i s e  l e v e l s  measured by NBS a t  an 

ope ra t i ng  mine nea r  a c a r  p u l l ,  and has  been i d e n t i f i e d  a s  t h e  maximum 

n o i s e  condi t ion .  F igure  14 shows a photograph of t h e  c a l l  a l e r t  t r ans -  

m i t t e r  and F igure  15  shows a photograph of t h e  c a l l  a l e r t  r e c e i v e r .  Much 

1 l i k e  t h e  roof b o l t  system, coverage over  a t y p i c a l  working s e c t i o n  can 

1 be  expected wi th  app rop r i a t e  p o s i t i o n i n g  of t h e  t r a n s m i t t i n g  loop.  

FIGURE 14. - C a l l  A l e r t  T ransmi t t e r .  
FIGURE 15.  - C a l l  A l e r t  Receiver Worn by Miner. 

I Sys t e m  Desc r ip t i on  

The block diagram of F igure  16 i l - l u s t r a t e s  t h e  e n t i r e  system configura-  

t i o n .  A keying t r a n s m i t t e r  i s  loca t ed  i n  t h e  mine o f f i c e .  To i n i t i a t e  a 

1 FIGURE 16.  - C a l l  A l e r t  Paging System. 

page, an i n d i v i d u a l  pushes t h e  "press  t o  page" b u t t o n  on t h i s  t r a n s m i t t e r .  

This  a c t i o n  causes  a 19-kHz c a r r i e r  (o the r  s e l e c t e d  i naud ib l e  tones can 

a l s o  be  used) t o  b e  impressed on t h e  mine phone l i n e .  This  tone  e n t e r s  

t h e  mine on t h e  phone l i n e .  The keying r e c e i v e r ,  a t t ached  t o  t h e  phone 
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FIGURE 15 CALL ALERT RECEIVER WORN BY MINER 
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l i n e  l oca t ed  a t  a keypoint  i n  a s e c t i o n ,  responds t o  t h i s  tone.  These 

two u n i t s  a r e  i l l u s t r a t e d  i n  Figure 17. A s  long a s  t he  tone i s  p r e s e n t ,  

FIGURE 17 .  - Keying Transmi t te r  and 
Keying Receiver  (Control  u n i t ) .  

t h e  keying r e c e i v e r  connects opera t ing  power t o  t h e  c a l l  a l e r t  t r a n s m i t t e r  

connected t o  t h e  p i l l a r  mounted loop.  I n  t h e  p re sen t  system t h i s  c a l l  

a l e r t  t r a n s m i t t e r  d r i v e s  a 3030-Hz s i g n a l  cu r r en t  i n t o  t h e  loop antenna 

of t h e  system, thereby producing a 3030-Hz s i g n a l  t h a t  p e n e t r a t e s  t o  a l l  

reg ions  of t h e  s e c t i o n .  A pocket-sized c a l l  a l e r t  r e c e i v e r  i nco rpo ra t i ng  

a smal l  pick-up loop i s  c a r r i e d  by a person roving through the  s e c t i o n .  

This  r e c e i v e r  responds t o  t he  presence of t h e  3030-Hz s i g n a l  by f l a s h i n g  

a l i g h t  on t h e  r e c e i v e r  o r  by genera t ing  an audio a l e r t  s i g n a l .  The 

person paged is  thus n o t i f i e d  t o  c a l l  t he  mine o f f i c e .  

A word of cau t ion :  C a l l  a l e r t  systems use c a r r i e r  s i g n a l s  over  t h e  

te lephone wi re s .  A pre l iminary  examination of s e v e r a l  of t he  mine pager 

te lephones i n d i c a t e s  t h a t  t he se  phones a r e  n o t  f u l l y  compatible wi th  t he  

normal range of te lephone grade c a r r i e r s .  We a r e  now i n v e s t i g a t i n g  t h i s  

problem and a n t i c i p a t e  t h a t  a s imple add-on device (appl ique)  can be  made 

f o r  i n s t a l l a t i o n  on e x i s t i n g  mine pager phones t o  make them compatible 

with c a r r i e r  a p p l i c a t i o n s .  A t  t h i s  t ime, i t  is  poss ib l e  t h a t  some c a r r i e r  

frequency systems w i l l  r e q u i r e  excess ive  amounts of power i f  u t i l i z e d  

on p re sen t  mine te lephone i n s t a l l a t i o n s .  

CONCLUDING REMARKS 

The emphasis of our  paging e f f o r t s  has  been placed on t h e  ex tens ion  

of e x i s t i n g  mine communications t o  improve t h e i r  u t i l i t y  under ope ra t i ona l  

and emergency cond i t i ons ,  Pr imar i ly  w e  have been concerned wi th  extend- 

i ng  t h e  page message from t h e  equipment t h a t  r ece ives  t h e  page t o  t h e  

8.30 
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person who i s  be ing  paged. Paging can a l s o  be  added t o  w i r e l e s s  r a d i o  

communication systems;  however, t h e r e  a r e  very  few mines c u r r e n t l y  

us ing  w i r e l e s s  r a d i o .  The o b j e c t i v e  i n  paging i s  t o  a l e r t  a person t h a t  

he i s  wanted on t h e  te lephone .  The person r ep ly ing  t o  t h e  page w i l l  

g e n e r a l l y  n o t  r e p l y  over  t h e  same channel  by which he was paged. The 

paging system and t h e  c a l l  a l e r t  system d i s cus sed  he re  meet d i f f e r e n t  

needs.  The gene ra l  f e a t u r e s  of  t he se  two systems a r e  summarized i n  

Table 1. 

TABLE 1. - Roving miner paging 

Roof b o l t  system 

Coverage P a r t  o r  whole mine 

Voice page Yes 

S e l e c t i v i t y  To i n d i v i d u a l  

Emergency use Not p r a c t i c a l  

Equipment a v a i l a b i l i t y  Current  

C a l l  a l e r t  system 

By s e c t i o n  

No 

To s e c t i o n  

Yes 

60 Days 
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C. TWO-WAY COMMUNICATIONS WITH ROVING MINERS 

by 

Robert  L. ~ a ~ a c e l  and Howard E. Parkinson 2 

ABSTRACT 

UHF wireless and guided wireless r a d i o  systems a r e  o p e r a t i o n a l  i n  

t h e  U.S. Bureau of Mines Sa fe ty  Research Mine i n  Bruceton,  Pa.  The 

systems s a t i s f y  t h e  need f o r  i n s t a n t  pe r sona l  two-way c o m u n i c a t i o n s  

between key i n d i v i d u a l s  rov ing  i n  working s e c t i o n s  and hau lage  ways, 

and between t h e s e  i n d i v i d u a l s  and t h e  s u r f a c e .  The i n d i v i d u a l s  a r e  

equipped w i t h  p o r t a b l e  handy t a l k i e  r a d i o s  t h a t  a r e  Bureau-approved f o r  

ope ra t i on  i n  a gassy mine. The Bureau's systems o p e r a t e  a t  420 MHz, a 

frequency a l l o c a t e d  t o  government u s e r s .  Systems belonging t o  i n d u s t r i a l  

u s e r s  such a s  mines can u t i l i z e  t h e  450-470 MHz UHF band a l l o c a t e d  t o  

i n d u s t r i a l  l and  mobile a p p l i c a t i o n s .  Tlhe UHF band i s  more e f f e c t i v e  

than  t h e  VHF band f o r  unaided propaga t ion  i n  t h e  s e c t i o n s  and hau lage  

ways of mines. 

The UHF wireless r a d i o  system does no t  need any s p e c i a l  gu id ing  

c a b l e s ,  and i s  p a r t i c u l a r l y  a t t r a c t i v e  :€or mine s e c t i o n  a p p l i c a t i o n s ,  

a s  w e l l  a s  haulage ways. The UHF guided wireless r a d i o  system i s  based on 

Arthur  D.  L i t t l e ,  I nc .  , Cambridge, Mass. 

Superv isory  E l e c t r i c a l  Research Engineer ,  I n d u s t r i a l  Hazards and 
Conrmunications, P i t t s b u r g h  Mining and Sa fe ty  Research Cente r ,  
Bureau of Mines, U.S. Department of t h e  I n t e r i o r ,  P i t t s b u r g h ,  Pa.  
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t h e  use  of a s p e c i a l  r a d i a t i n g  coax ia l  c ab l e  i n s t a l l e d  along main 

e n t r i e s ,  and is  s u i t a b l e  f o r  haulage way a p p l i c a t i o n s .  This  paper 

t r e a t s  t h e  p r i n c i p l e s  of ope ra t i on ,  expected communication ranges ,  and 

t h e  key f e a t u r e s  and l i m i t a t i o n s  of both systems. 

INTRODUCTION 

Need f o r  Two-Way Communications w i th  Roving Miners 

H i s t o r i c a l l y ,  communication equipment f o r  underground mine use  has  

been based on "wired" systems, namely, t h e  loudspeaking mine te lephone 

system and t h e  t r o l l e y  w i r e  c a r r i e r  phone system. The mine te lephone 

system inc ludes  bo th  magneto phones and loudspeaking te lephones ,  whi le  

t h e  t r o l l e y  w i r e  c a r r i e r  phone system u t i l i z e s  c a r r i e r  c u r r e n t  t r ans -  

m i t t e r s  and r e c e i v e r s .  I n  bo th  cases  a l l  t h e  t r a n s m i t t i n g  and r ece iv ing  

equipment i s  "hard wired" t o  t h e  te lephone l i n e  o r  t o  t h e  t r o l l e y  w i r e ,  

r e s p e c t i v e l y .  A s  such,  t h i s  equipment i s  not  po r t ab l e .  Therefore ,  i t  

i s  inadequate  f o r  paging o r  communicating wi th  key i n d i v i d u a l s ,  such a s  

foremen and maintenance men, when they a r e  no t  i n  t h e  immediate v i n c i n i t y  

of t h e  communication equipment. 

The roving miner paging systems r e c e n t l y  developed by t h e  Bureau of 

Mines and d iscussed  i n  a companion seminar paper ,  m e e t  t h e  need t o  

d e l i v e r  one-way paging messages and c a l l  a l e r t s  t o  key i n d i v i d u a l s  on- 

the-move i n  t h e  mine. These a r e  messages o r  a l e r t s  t h a t  t h e  paged 

i n d i v i d u a l  must e i t h e r  a c t  upon, o r  acknowledge v i a  another  communications 

channel i n  t h e  mine. However, s i t u a t i o n s  a l s o  a r i s e  i n  which an 
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ins tan taneous  and continuing response from key roving miners i s  e i t h e r  

e s s e n t i a l  o r  extremely d e s i r a b l e  from an ope ra t iona l  o r  s a f e t y  poin t  of 

view. The a b i l i t y  t o  reach and t a l k  wi th  an ind iv idua l  where he happens 

t o  be ,  and not  only a t  a  l imi t ed  number of f ixed  s t a t i o n s ,  i s  p a r t i c u l a r l y  

b e n e f i c i a l  when: 

downtime can be reduced by permi t t ing  ind iv idua l s  working on 

machinery t o  communicate wi th  su r face  supervisors  without  

leaving  t h e  machinery; o r  

t h e  message i s  urgent and t h e  ind iv idua l  is  on-the-move 

underground. 

Two-way w i r e l e s s  and guided w i r e l e s s  r ad io  systems r ecen t ly  inves t iga t ed  

by t h e  Bureau can provide t h i s  personal ized instantaneous communication 

t o  ind iv idua l s  over  important p a r t s  of t h e  mine. 

Two-Wav Wireless  Radio i n  Mines 

The t h r u s t  of our two-way wi re l e s s  r ad io  communication work has 

been t o  extend two-way communications t o  key miners roving wi th in  

t h e  s e c t i o n  and i n  t h e  haulage way. The p r i n c i p a l  o b j e c t i v e  has been 

t o  f i n d  ways i n  which commercially a v a i l a b l e ,  po r t ab le  r ad io  equipment 

can be adapted f o r  p r a c t i c a l  use i n  cpe ra t iona l  coa l  mines. 

Electromagnetic waves a t  r ad io  frequencies  a r e  not  capable of 

pene t r a t ing  t h e  overburdens of t y p i c a l  mines because of t h e  severe  

a t t e n u a t i o n  su f fe red  i n  t h e  overburden by the  waves a t  t hese  f requencies .  

To u t i l i z e  r ad io  waves i n  mine e n t r i e s  and cross-cuts ,  t he  r ad io  
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s i g n a l  sources  must be brought i n t o  t h e  mines and t o  t h e  a r e a s  of 

i n t e r e s t ,  e i t h e r  d i r e c t l y  o r  v i a  guiding cab l e s  o r  w i r e s .  

The ope ra t i ng  frequency is a key f a c t o r  t h a t  s i g n i f i c a n t l y  i n f luences  

t h e  communication range of any w i r e l e s s  r ad io  system i n  mines. American 

c o a l  mining methods r e q u i r e  a r e a  coverage, a s  opposed t o  t h e  l i n e a r  

haulage way coverage t h a t  is  t y p i c a l l y  needed f o r  European longwall  

mining. By a r e a  coverage we mean communications throughout a working 

s e c t i o n  t h a t  may t y p i c a l l y  encompass an a r e a  600 f e e t  x 600 f e e t ,  

and communications down cross -cu ts  t o  s e v e r a l  hundred f e e t  away from t h e  

main haulage ways. 

W e  have found t h a t  f requenc ies  i n  t h e  UHF band o f f e r  t h e  b e s t  a r e a  

coverage f o r  completely w i r e l e s s  two-way vo ice  communications between 

p o r t a b l e  handy t a l k i e  r a d i o s .  This  we have determined from t h e o r e t i c a l  

cons ide ra t i ons  backed up by in-mine experiments .  Two-way w i r e l e s s  

communication ranges between hand-held u n i t s  i n  mine e n t r i e s  a r e  l i m i t e d  

t o  approximately t e n s  of f e e t  a t  c i t i z e n s '  band f requenc ies  nea r  30 MHz; 

a r e  extended t o  s e v e r a l  hundreds of f e e t  a t  VHF band f requenc ies  around 

150 MHz; and are f u r t h e r  extended t o  over  1500 f e e t  f o r  UHF band 

f requenc ies  around 450 MHz. These ranges apply t o  s t r a i g h t  l i n e  

c o m u n i c a t i o n s  along an e n t r y ,  and a r e  reduced i f  c o m e r s  a r e  p r e s e n t  

i n  t h e  t ransmiss ion  pa th .  I n  a d d i t i o n  t o  o f f e r i n g  t h e  g r e a t e s t  promise 

f o r  ex tending  two-way communications t o  roving i n d i v i d u a l s ,  t h e  450 MHz 

UHF frequency band is  p r e s e n t l y  t h e  upper l i m i t  f o r  commercially a v a i l a b l e  

p o r t a b l e  r a d i o  t r a n s c e i v e r s .  This  frequency band has  a l s o  been r ece iv ing  

much p u b l i c i t y  and i n t e r e s t  i n  t h e  underground mining i n d u s t r y .  
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Two s p e c i f i c  UHF radio  communication systems a r e  t r e a t e d  i n  t h i s  

paper. The f i r s t  i s  t r u l y  wi re l e s s  and p a r t i c u l a r l y  a t t r a c t i v e  f o r  

sec t ion  app l i ca t ions ,  so  i t  has been named - UHF wi re le s s  s e c t i o n  radio .  

The second makes use of a  s p e c i a l  coaxia l  cable f o r  guiding and 

r a d i a t i n g  UHF rad io  waves along mine e n t r i e s ,  so  i t  has been named 

UHF guided wi re l e s s  radio .  - 

UHF WIRELESS SECTION RADIO SYSTEM 

Two-way wi re l e s s  sec t ion  r ad io  sysltems can provide communications 

between key ind iv idua l s  who may be work.ing a t  d i f f e r e n t  loca t ions  

wi th in  a  sec t ion ,  and between these  indiv iduals  and the  su r face .  

These systems can a l s o  be applied t o  ha.ulage way cormnunications. 

Figure 1 gives an o v e r a l l  view of such a  system f o r  a  s e c t i o n  applica-  

t i o n .  It i s  described i n  d e t a i l  under System Descript ion,  a f t e r  

discussion of t h e  system's p r i n c i p l e s  of operat ion and expected 

communications coverage. 

Figure 1. - Two Way Wireless Sect ion Radio System 

Pr inc ip le s  of Operation 

Figure 2 dep ic t s  i n  schematic form a  UHF rad io  wave propagating 

down a  coal  mine e n t r y  ( tunne l ) ,  without t h e  a s s i s t ance  of any m e t a l l i c  - 

guiding wires  o r  cables .  A t  VHF/UHF f requencies ,  t h e  e n t r i e s  themselves 

behave l i k e  "leakyt' waveguides, guiding t h e  s i g n a l  energy along t h e  

length  of t h e  e n t r y ,  while  a l s o  los ing  p a r t  of t h e  energy t o  the  
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surrounding medium. By analogy, t h e  roof ,  f l o o r ,  and wa l l s  of a  mine 

en t ry  can be considered a s  imperfect mir rors  and t h e  r ad io  waves a s  l i g h t  

beams. A s  t h e  l i g h t  beam, o r  radio  wave, t r a v e l s  down t h e  mine en t ry ,  

bouncing o f f  t h e  wa l l s ,  roof and f l o o r ,  p a r t  of i t s  energy i s  r e f l e c t e d  

a t  each bounce and the re fo re  r e t a ined  i n  the  e n t r y ,  while  p a r t  of i t s  

energy i s  t ransmi t ted  i n t o  t h e  coal  o r  rock by r e f r a c t i o n  and the re fo re  

l o s t .  

Figure 2. - UHF Wireless Risdio i n  Coal Mines. 

P r inc ip le  of Operation. 

Figure 3 i l l u s t r a t e s  how t h e  s i g n a l  a t t enua t ion  l o s s  f o r  mine e n t r i e s  

v a r i e s  with opera t ing  frequency f o r  t h e  dominant propagating mode. This 

l o s s  represents  the  f r a c t i o n a l  decrease i n  s t r eng th ,  expressed i n  dec ibe ls  

(dB), su f fe red  by t h e  s i g n a l  f o r  each 100 f e e t  i t  propagates down the  

en t ry .  The curves i n  Figure 3 a r e  based on da ta  from propagation experi-  

ments performed i n  an opera t ing  high-coal mine, and on values ca lcu la t ed  

from t h e o r e t i c a l  equat ions.  A s  shown, lboth theory and experiment i n d i c a t e  

t h a t :  i n  high-coal e n t r i e s ,  w i re l e s s  rtadio s i g n a l s  a r e  a t tenuated  severe ly  

below the  UHF frequency range, experience a broad favorable minimum i n  

a t t enua t ion  between 500 MHz and 2,500 MHz i n  t h e  UHF band, and f i n a l l y  

s u f f e r  a  gradual increase  i n  a t t enua t ion  a s  t h e  frequency is  increased 

beyond t h e  UHF frequency band. I n  low-coal the  a t t enua t ion  l o s s  i s  

shown t o  be more severe ,  p a r t i c u l a r l y  below 1,000 MHz. This low-coal 

behavior has only been p a r t i a l l y  confinned by the  rou t ine  use of 420 MHz 

handy t a l k i e s  during f i e l d  t r i p s  t o  mines. 

Figure 3 .  - UHF Wireless Radio Signal  Attenuation Loss 

i n  Coal ]Mine En t r i e s  
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The o t h e r  major frequency dependent l o s s e s  a r e  antenna coupl ing 

l o s s  and corner  l o s s .  When they a r e  added t o  t h e  a t t e n u a t i o n  l o s s ,  t h e  

appearance of  an optimum ope ra t i ng  frequency band becomes more pronounced. 

I n  high-coal ,  t h e  optimum band i s  400-to-1000 MHz. Within t h i s  band, t h e  

b e s t  frequency f o r  a p a r t i c u l a r  a p p l i c a t i o n  w i l l  depend on t h e  d e s i r e d  

communication d i s t a n c e  and whether t h e  s i g n a l  must t r a v e l  around a corner  

t o  reach t h e  r e c e i v e r .  For example, opera t ing  f requenc ies  n e a r  400 MHz a r e  

favored f o r  t ransmiss ion  pa ths  about 500 f e e t  long t h a t  i nc lude  one corner .  

Such pa ths  a r e  t y p i c a l  f o r  s e c t i o n  a p p l i c a t i o n s .  Frequencies n e a r  1000 MHz 

a r e  favored f o r  long s t r a i g h t  l i n e  t ransmiss ion  pa ths  a long haulage ways. 

The Bureau has  t e s t e d  po r t ab l e  mobile r a d i o  equipment up t o  t h e  

p re sen t  frequency l i m i t  of equipment a v a i l a b i l i t y ,  t h e  450-MHz band, t h e  

Sand which a l s o  o f f e r s  t h e  most favorab le  performance f o r  s e c t i o n  appl ica-  

t i o n s  i n  high-coal ,  A l loca t ion  of a new band of f requenc ies  around 960 MHz 

f o r  land  mobile i n d u s t r i a l  a p p l i c a t i o n s  is  p r e s e n t l y  under cons ide ra t i on  

by t h e  FCC. However, p o r t a b l e  and f i x e d  s t a t i o n  960 MHz equipment f o r  

haulage way a p p l i c a t i o n s  w i l l  s t i l l  no t  be commercially a v a i l a b l e  f o r  

s e v e r a l  yea r s .  Therefore  our  p re sen t  i n v e s t i g a t i o n s  and range p r e d i c t i o n s  

were concent ra ted  on t h e  450 MHz band. 

E x ~ e c t e d  Coverage 

Communication can be maintained between two separa ted  i nd iv idua l s  

o r  s t a t i o n s  u n t i l  t h e  s e p a r a t i o n  d i s t a n c e  i nc reases  t o  a po in t  where t h e  

s i g n a l  s t r e n g t h  i s  no t  s u f f i c i e n t  t o  overcome t h e  background e l e c t r i c a l  

n o i s e .  A t  UHF f r equenc i e s ,  measurements have shown t h a t  t h e  l e v e l s  of 
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t h i s  background no i se  w i l l  be governed by t h e  i n t r i n s i c  e l e c t r i c a l  noise  of 

the  UHF rece ive r s  r a t h e r  than by externally generated e l e c t r i c a l  noise  i n  

the  mine. The wi re l e s s  r ad io  coverage of a  t y p i c a l  sec t ion  i n  high-coal 

has been est imated f o r  Motorola HT220 k'M handy t a l k i e  u n i t s  opera t ing  a t  a  

frequency of 420 MHz. These por t ab le  u n i t s  have a  t r a n s m i t t e r  power of two 

wa t t s  and rece ive r  s e n s i t i v i t y  of 0.5 microvolt f o r  20 dB of quie t ing .  

Since communication on a  working s e c t i o n  r equ i re s  coverage down 

cross-cuts ,  one must add t o  the  s t r a i g h t  l i n e  a t t enua t ion  the  l o s s  incurred  

by t h e  s i g n a l  i n  going around a t  l e a s t  one 90° c o m e r .  A t  420 MHz, theory 

and experiment support t h e  use of a  corner l o s s  of about 58 dB f o r  t h e  

dominant propagating mode. To these  l o s s e s  must be added a  t o t a l  antenna 

coupling l o s s  of about 46 dB t o  account: f o r  t h e  i n s e r t i o n ,  p o l a r i z a t i o n ,  

and e f f i c i e n c y  l o s s e s  expected f o r  two por table  handy t a l k i e s .  A nominal 

s i g n a l  fade margin of 12 dB should a l s o  be included. The above va lues  

l ead  t o  t h e  conservat ive s e c t i o n  coverage p red ic t ion  shown i n  Figure 4. 

Figure 4. - Predic ted  UHF Wireless Radio Coverage 

Figure 4  i l l u s t r a t e s  the  coverage expected i n  a  high-coal mine 

between a  c e n t r a l l y  loca ted  miner with a  handy t a l k i e  u n i t  and a  second 

miner roving throughout t h e  s e c t i o n  wit:h another  u n i t .  Miner-to-miner 

sepa ra t ion  of more than ha l f  a  s e c t i o n  i s  poss ib le ,  unaided by any t rans-  

mission l i n e s  o r  o t h e r  guiding cables .  This sepa ra t ion  can be doubled 

t o  cover t h e  whole s e c t i o n  by p lac ing  a r epea te r  u n i t  a t  t h e  c e n t r a l  

l oca t ion  i n  t h e  sec t ion .  
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Note t h a t  when t h e  s i g n a l  must go around on ly  one c o m e r ,  s a t i s f a c t o r y  

communication can be expected over  a  l i n e a r  d i s t a n c e  of approximately 

500 f e e t  down an e n t r y  and c ross -cu t .  'When no c o m e r s  a r e  encountered,  

a s  i n  a  haulage way t r ansmis s ion  p a t h ,  s a t i s f a c t o r y  s t r a i g h t  l i n e  commun- 

i c a t i o n  can be expected over  d i s t a n c e s  i n  excess  of 1500 f e e t .  These 

range l i m i t s  can u s u a l l y  be somewhat extended i f  t h e  handy t a l k i e s  a r e  

r o t a t e d  i n t o  t h e  h o r i z o n t a l  p lane  and po in ted  ac ros s  t h e  e n t r y ,  thereby  

t a k i n g  f u l l  advantage of  t h e  dominant h o r i z o n t a l  f i e l d  component. 

P r a c t i c a l  ways t o  f u r t h e r  extend s e c t i o n  coverage,  by reducing t h e  

r e l a t i v e l y  h igh  c o m e r  l o s s ,  a r e  p r e s e n t l y  under i n v e s t i g a t i o n .  

F igure  5  r e p r e s e n t s  a  coverage diagram obta ined  f o r  a  p o r t i o n  o f  t h e  

Bureau's Sa fe ty  Research mine a t  Bruceton. The coverage exper ienced  i n  

t h e  S a f e t y  Research mine suppor t s  t h e  coverage p r e d i c t i o n s  of F igure  4 .  

In Figure  5  t h e  t r a n s m i t t e r  i s  l o c a t e d  i n  t h e  upper right-hand c o m e r ,  

and t h e  coverage r e p r e s e n t s  roughly one quadrant  of a  working s e c t i o n  a s  

i n d i c a t e d  by t h e  dimensions.  The o t h e r  t h r e e  quadran ts  w i l l  exper ience  

t h e  same coverage. Note t h a t  when t h e  s i g n a l  has  t o  go around one c o m e r ,  

t h e  coverage i s  a s  p r e d i c t e d ,  b u t  t h a t  two c o m e r s  produce a  quick t r a n s -  

i t i o n  t o  u n s a t i s f a c t o r y  performance. The coverage t o  t h e  l e f t  of F igure  5  

does n o t  extend beyond 200 f e e t  because of  t h e  absence of  a  connec t ing  

c ross -cu t .  Also dep i c t ed  i n  F igure  5  a r e  t h e  main e lements  o f  t h e  wi re -  

l e s s  s e c t i o n  r a d i o  system i n s t a l l e d  i n  t h e  Sa fe ty  Research mine. This  

system w i l l  be  de sc r ibed  i n  t h e  n e x t  p a r t  of t h i s  paper .  

F igure  5 .  - UHF Two-Way Wire less  Sec t i on  Radio Coverage 

I n  t h e  Safet:y Research Mine 
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Sys tern Descript ion 

An o v e r a l l  block diagram of a wi re l e s s  sec t ion  radio  system i s  

shown i n  Figure 6 .  Roving miner-to-miner d i r e c t  w i re l e s s  communication 

wi th in  t h e  sec t ion  i s  obtained by using channel two on t h e  por t ab le  

handy t a l k i e  u n i t s .  In t h i s  d i r e c t  mode of opera t ion ,  t h e  por table  

u n i t s  t ransmi t  and rece ive  on channel two. The system a l s o  provides 

roving miner communication wi th  t h e  su r face  on t h i s  same channel. This 

i s  accomplished by the  use of a s p e c i a l  in terconnect  u n i t  which i s  roof- 

mounted with another  handy t a l k i e  i n  an i n t e r s e c t i o n  a t  a c e n t r a l l y  

loca ted  pos i t ion  i n  t h e  sec t ion .  This radio-to-carr ier  system i n t e r -  

connect u n i t  couples the  audio frequency por t ion  of t h e  roof-mounted 

UHF handy t a l k i e  t o  t h e  audio frequency por t ion  of a 61 kHz s tandard 

miner c a r r i e r  phone t h a t  i s  at tached t o  t h e  mine telephone l i n e .  I n  

the  mine o f f i c e  a t  t h e  o the r  end of t h e  mine telephone l i n e  i s  a 

corresponding c a r r i e r  phone u n i t  which completes the  mine-to-surface 

communication l i n k .  A conversation carr be i n i t i a t e d  from e i t h e r  t h e  

mine o f f i c e  o r  t h e  roving miner on t h e  sec t ion  by simply using the  

mine o f f i c e  c a r r i e r  phone o r  t h e  por t ab le  handy t a l k i e s  i n  t h e i r  

s tandard modes of opera t ion .  The system described provides an ins t an t -  

aneous d i r e c t  p r i v a t e  l i n e  t o  key roving miners on a s e c t i o n ,  even when 

t h e  mine telephone l i n e  is  busy with normal audio frequency communication 

t r a f f i c .  

Figure 6. - Two-Way Wireless Sect ion Radio System Block Diagram 

Arthur D Little, Inc. 
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A s  s t a t e d  i n  t h e  coverage d iscuss ion ,  t h e  roving miner-to-miner 

communication range can be doubled, thereby extending roving miner 

coverage t o  t h e  whole s e c t i o n  by using a roof-mounted r e p e a t e r  a t  t h e  

c e n t r a l  l o c a t i o n .  To opera te  i n  t h e  r epea te r  mode, miners would switch 

t o  channel one. I n  t h i s  r epea te r  mode of opera t ion ,  t he  po r t ab le  u n i t s  

t ransmi t  on channel one but  s t i l l  rece ive  on channel two. This allows a 

c e n t r a l l y  loca ted  r epea te r  s t a t i o n  t o  pick up t h e  channel one t ransmissions 

of t h e  miners and rebroadcast  them on channel two f o r  subsequent recept ion  

by t h e  o t h e r  handy t a l k i e s ,  thereby doubling t h e  miner-to-miner range of 

t h e  system. 

Another b e n e f i t  i s  obtained when i n  the  r epea te r  mode. Namely, roving 

miner-to-miner communications t r a f f i c  w i l l  no t  c l u t t e r  t h e  sect ion-to-  

sur face  in terconnect  channel,  but  messages from t h e  su r face  w i l l  s t i l l  be 

rece ivable  by t h e  roving miners. 

Figure 7 shows a Motorola HT220 i r z t r i n s i c a l l y  s a f e  handy t a l k i e  u n i t  

a t t ached  t o  a miner 's b e l t .  Operation can be v i a  a push-to-talk switch 

and speaker-microphone t h a t  i s  an i n t e g r a l  p a r t  of t h e  handy t a l k i e  u n i t .  

A l t e rna t ive ly ,  t he  switch and speaker-microphone can be i n  t h e  form of a 

hand-held accessory a s  shown i n  Figure 7. This accessory can be conven- 

i e n t l y  c l ipped  t o  a pocket o r  l a p e l .  Operation i s  a l s o  poss ib l e  by means 

of a bone conductance microphone and e a r  speakers a t tached  t o  t h e  miner 's  

hardhat  a s  shown i n  Figure 8. The bone conductance microphone i s  

s i t u a t e d  i n  t h e  middle of t h e  hardhat  webbing s o  t h a t  i t  can p ick  up t h e  

s k u l l  v i b r a t i o n s  c rea ted  when a person speaks. The e a r  speakers  a r e  put  

Arthur D Little, Inc. 



c l o s e  enough t o  t h e  e a r s  t o  h e a r  t h e  rece ived  audio whi le  s t i l l  l eav ing  

t h e  e a r s  open t o  t h e  normal sounds i n  t h e  mine. This  hardha t  u n i t  can 

be  opera ted  by a belt-mounted push bu t ton  a s  shown i n  Figure 8 ,  o r  by 

means of a voice-operated swi tch  which keys t h e  t r a n s m i t t e r  on whenever 

t h e  person speaks.  This  a l lows completely hands-free ope ra t i on .  

Figure 9 d e p i c t s  a handy t a l k i e  u n i t  i n s t a l l e d  i n  a roof-mounted rad io-  

t o - c a r r i e r  s u r f a c e  i n t e r connec t  u n i t  f a b r i c a t e d  by C o l l i n s  Radio Co. 

This  s t a t i o n  is  t y p i c a l l y  mounted h o r i z o n t a l l y  a t  a 45-degree angle  i n  

an i n t e r s e c t i o n  c e n t r a l l y  l oca t ed  i n  t h e  s e c t i o n .  The cab l ing  on t h e  

l e f t  goes t o  a s t anda rd  mine c a r r i e r  phone a t t ached  t o  t h e  mine te lephone 

l i n e .  

F igure  7 .  - Miner Using I n t r i n s i c a l l y  Safe  Handy T a l k i e  Unit  

F igure  8. - Handy Ta lk i e  Operation Using Hardhat w i th  Ear 

Speakers and Bond Conductance Microphone 

F igure  9.  - Roof-Mounted Radio-to-Carrier Sur face  In te rconnec t  

Unit  and Handy Ta lk i e  Unit  

The b a s i c  system depic ted  i n  F igure  6 can be  used i n  a v a r i e t y  of 

ways and circumstances.  It can be  used t o  extend two-way communications 

between key roving miners w i t h i n  a s e c t i o n ,  and between t h e s e  miners and 

t h e  su r f ace .  The system can be used t o  communicate wi th  roving miners 

a long any haulage way having a mine te lephone l i n e  by p l ac ing  in t e r connec t  

and r e p e a t e r  s t a t i o n s  s i m i l a r  t o  those  f o r  s e c t i o n s  a t  approximately 0.6 

mile i n t e r v a l s  a long t h e  haulage way. The system wi th  t h e  s u r f a c e  i n t e r -  

connect a l s o  lends  i t s e l f  t o  i n s t a l l a t i o n  and use  a s  a temporary sur face-  

to-roving miner communication l i n k  dur ing  maintenance o r  rescue  ope ra t i ons .  

F i n a l l y ,  t h i s  p a r t i c u l a r  system can be modified f o r  u se  w i th  less expensive 

pocket pagers ,  i n s t e a d  of  handy t a l k i e s  t o  provide a more l i m i t e d  c a l l  

a l e r t  o r  paging mode of  ope ra t i on .  
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FIGURE 7 MINER USING INTRINSICALLY SAFE HANDY TALKIE UNIT 
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FIGURE 8 HANDY TALKIE OPERATION USING HARDHAT WITH 
EAR SPEAKERS AND BONE CONDUCTANCE MICROPHONE 
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FIGURE 9 ROOF-MOUNTED RADIO-TO-CARRIER SURFACE 
INTERCONNECT UNIT AND HANDY TALKIE UPlT  
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UHF GUIDED WIRELESS RADIO SYSTEM 

The second UHF r a d i o  system t r e a t e d  i n  t h i s  paper i s  t h e  guided 

wireless r a d i o  system. This  system can provide communications between 

key i n d i v i d u a l s  who may b e  roving a t  d i f f e r e n t  l o c a t i o n s  a long  o r  n e a r  

haulage ways, and between t h e s e  same i n d i v i d u a l s  and t h e  s u r f a c e .  A s  

i n  t h e  wireless s e c t i o n  r a d i o  a p p l i c a t i o n ,  t h e  key rov ing  i n d i v i d u a l s  

c a r r y  p o r t a b l e  handy t a l k i e  r a d i o  t r a n s c e i v e r s .  However, u n l i k e  w i r e l e s s  

s e c t i o n  r a d i o ,  guided wireless r a d i o  uses  a  s p e c i a l  c ab l e  t o  p i ck  up, 

t r a n s p o r t  ( gu ide ) ,  and r a d i a t e  t h e  r a d i o  frequency energy a long  haulage 

ways and main e n t r i e s  t o  communicate w i th  t h e  p o r t a b l e  handy t a l k i e s .  

F igu re  10 g ives  an  o v e r a l l  conceptua l  view of a  rov ing  miner two-way 

hau lage  way communication system based on t h e  guided wireless r a d i o  

concept a t  UHF f r equenc i e s .  A s  i l l u s t r a t e d ,  such a system o p e r a t i n g  

a t  UHF r e q u i r e s  t h a t  a  s p e c i a l  c ab l e  (Radiax T * M *  i n  t h i s  case)  and 

a u x i l i a r y  l i n e s  b e  hung a long  t h e  w a l l s  of  t h e  haulage ways and s e l e c t e d  

s e c t i o n  e n t r i e s , t o g e t h e r  w i t h  p e r i o d i c a l l y  spaced r e p e a t e r  o r  ba se  

s t a t i o n s .  The system w i l l  be de sc r ibed  i n  d e t a i l  under System Desc r ip t i on*  

F igure  10 .  - Guided Wireless Radio System 

The UHF Radiax c a b l e  system w a s  i n v e s t i g a t e d  because i t  has  been 

r e c e i v i n g  i nc r ea sed  p u b l i c i t y  and a t t e n t i o n  by t h e  equipment s u p p l i e r s  

and mine o p e r a t o r s ,  and because of t h e  f avo rab l e  p ropaga t ion  cha rac t e r -  

i s t i c s  a t  UHF f o r  t h e  a r e a  coverage d e s i r e d  i n  American c o a l  mines. 

However, ou r  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h e  d e s i r e d  a r e a  coverage is  n o t  

a ch i evab l e  i n  an economical manner w i t h  Radiax cab le .  Furthermore,  

Arthur D Little, Inc. 
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much lower f requenc ies  can be e f f e c t i v e l y  used wi th  more economical 

gu id ing  cab l e s  i f  t h e  d e s i r e d  communications can be r e s t r i c t e d  p r imar i l y  

t o  t h e  haulage ways a s  i n  Europe. 

P r i n c i p l e s  of Operation 

F igure  11 d e p i c t s  i n  schematic  form a c ross -sec t ion  view of a 

c o a x i a l  c ab l e  and t h e  l a t e r a l  v a r i a t i o n  of i t s  a s s o c i a t e d  f i e l d s .  I n  

such cab l e s  t h e  bulk of t h e  r a d i o  frequency e lec t romagnet ic  energy i s  

t r anspo r t ed  down t h e  cab l e  between t h e  c e n t e r  conductor and t h e  s h i e l d .  

However, t h e  s h i e l d s  of most p r a c t i c a l  cab l e s  do n o t  provide p e r f e c t  

containment of t h e  i n t e r n a l  e lec t romagnet ic  f i e l d s  nor  i s o l a t i o n  from 

e x t e r n a l  f i e l d s .  A s  shown, a smal l  f r a c t i o n  of t h e  c a b l e ' s  i n t e r n a l  

f i e l d  i s  u s u a l l y  coupled t o  t h e  e x t e r n a l  space.  Ex te rna l  f i e l d s  a r e  

coupled i n t o  t h e  cab l e  i n  a s i m i l a r  manner. The ex i s t ence  of  t h i s  weak 

coupl ing between i n t e r n a l  and e x t e r n a l  f i e l d s  forms t h e  b a s i s  f o r  

s e v e r a l  guided wireless systems f o r  communicating wi th  roving miners.  

Cables which t r a n s p o r t  most of  t h e  s i g n a l  energy i n s i d e  t h e  cab le  have 

an added advantage; namely, performance i s  e s s e n t i a l l y  no t  a f f e c t e d  by 

normal accumulations of d i r t  and mois ture ,  no r  by i n s t a l l i n g  t h e  cab l e  

d i r e c t l y  a g a i n s t  t h e  r i b  of a haulage way. 

F igure  11. - Guided Wire less  Radio w i th  Coaxial Cable,  

P r i n c i p l e  of Operat i on  
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A s  shown i n  Figure 11, t h e  f i e l d s  coupled t o  t h e  e x t e r n a l  space w i l l  

cont inue t o  decrease  i n  s t r e n g t h  wi th  i n c r e a s i n g  d i s t a n c e  from t h e  cab l e .  

I n  a d d i t i o n ,  t h e  i n t e r n a l  and e x t e r n a l  f i e l d s  w i l l  be  a t t e n u a t e d ,  p r imar i l y  

because of t h e  c a b l e ' s  r e s i s t a n c e ,  as they  t r a v e l  a long t h e  cab l e  t o  and from 

t h e  f i x e d  and p o r t a b l e  communication s t a t i o n s .  The amount of  coupl ing l o s s  

and l o n g i t u d i n a l  a t t e n u a t i o n  l o s s  experienced depends on t h e  m a t e r i a l  and 

cons t ruc t ion  of t h e  cab l e  and on t h e  ope ra t i ng  frequency. 

The UHF guided wireless system t r e a t e d  i n  t h i s  seminar i s  one based 

on t h e  use of s p e c i a l  semi- f lex ib le  RX4-1 Radiax coax ia l  c ab l e  of 

1/2-inch diameter  and 50 ohm c h a r a c t e r i s t i c  impedance. The cab l e  has  a 

s o l i d  copper s h i e l d  i n  which ho le s  have been machined t o  i n c r e a s e  t h e  

amount of coupl ing t o  t h e  e x t e r n a l  space ,  a s  opposed t o  t h e  braided-  

type s h i e l d  used i n  convent ional  f l e x i b l e  cab l e s  f o r  lower frequency 

a p p l i c a t i o n s .  A cut-away view of t h e  Radiax cab l e  i s  shown i n  F igure  12.  

Its c o s t  i s  more than  t e n  t i m e s  t h a t  of convent ional  b r a ided  cab l e  used 

f o r  cab l e  t e l e v i s i o n  home i n s t a l l a t i o n s .  According t o  t h e  cab l e  manu- 

f a c t u r e r ,  Andrew Corporat ion,  a l a t e r a l  coupl ing l o s s  of 85 + 1Q dB is  

experienced when t h e  e x t e r n a l  s i g n a l  s t r e n g t h  i s  measured a t  a d i s t a n c e  

of  20 f e e t  from RX4-1 Radiax cab l e .  This l o s s  inc ludes  t h e  s h i e l d  

coupl ing l o s s  and t h e  r a d i a l  spreading  l o s s  f o r  t h i s  d i s t a n c e  and a p p l i e s  

f o r  bo th  incoming and outgoing s i g n a l s .  The longi tud ina , l  a t t e n u a t i o n  

l o s s  i s  2 .1  dB/100 f e e t .  

F igure  12. -Radiax Coaxial Cable, Cut-a-Way V i e w  

Arthur D Little, Inc. 
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Figure  1 3  i s  a  ske t ch  i l l u s t r a t i n g  how s i g n a l s  both i n  t h e  cab l e  

and i n  t h e  haulage way decrease  i n  s t r e n g t h  a s  t h e  d i s t a n c e  along t h e  

cab l e  from a  r e p e a t e r  s t a t i o n  i s  increased .  S igna l  vo l t ages  and 

e x t e r n a l  f i e l d s  a r e  reduced i n  s t r e n g t h  by a f a c t o r  of 10-1 (20 dB) 

f o r  every 950 f e e t  of cab l e  t r a v e l e d ,  due t o  t h e  2 .1  d ~ / 1 0 0  f t  

l o n g i t u d i n a l  a t t e n u a t i o n  r a t e .  F igure  13  d e p i c t s  t h e  decrease  

i n  s i g n a l  s t r e n g t h  f o r  t ransmiss ions  by t h e  r e p e a t e r .  A s i m i l a r  s i g n a l  

s t r e n g t h  decrease  occurs  f o r  t ransmiss ions  from a  handy t a l k i e ,  bu t  

w i th  t h e  s i g n a l  s t r e n g t h  now being l a r g e s t  a t  t h e  handy t a l k i e  l o c a t i o n  

and decreas ing  a s  t h e  s i g n a l  t r a v e l s  i n  t h e  cab l e  towards t h e  r e p e a t e r .  

F igure  13. -Two-way Communication Range f o r  Radiax Guided 

Wireless Radio System 

I n  s p i t e  of t h e  h o l e s ,  t h e  coupl ing l o s s  imposed by t h e  s h i e l d  i s  

s t i l l  h igh  and r e q u i r e s  t h e  use  of r e p e a t e r s  ( t o  amplify and r e t r ansmi t  

incoming s i g n a l s )  t o  a l low communication v i a  t h i s  cab l e  between roving 

miners ca r ry ing  p o r t a b l e  handy t a l k i e  r ad ios .  The spacing of t h e s e  

r e p e a t e r s  a long t h e  cab l e  (base s t a t i o n s  i f  on ly  a  surface-to-mine 

channel i s  des i r ed )  w i l l  b e  governed p r imar i l y  by t h e  l a t e r a l  range 

d e s i r e d  from t h e  cab l e ,  t h e  l o n g i t u d i n a l  a t t e n u a t i o n  r a t e  of t h e  cab l e ,  

and t h e  t r a n s m i t t e r  power of t h e  p o r t a b l e  u n i t s .  Since t h e  t r a n s m i t t e r  

power a v a i l a b l e  f o r  p o r t a b l e  u n i t s  i s  gene ra l l y  lower than  t h a t  a v a i l a b l e  

f o r  f i x e d  r e p e a t e r  o r  base  s t a t i o n s ,  t h e  p o r t a b l e  u n i t s  set t h e  coyerage 

limits f o r  two-way communications. 

Arthur I>( Little, Inc. 
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Expected Coverage 

The two-way coverage o b t a i n a b l e  w i t h  a  guided w i r e l e s s  r a d i o  system 

h a s  been e s t ima t ed  f o r  a  hau lage  way i n s t a l l a t i o n  c o n s i s t i n g  of  t h e  

Andrew RX4-1 Radiax c o a x i a l  c a b l e ,  two-watt ba se  s t a t i o n s  and r e p e a t e r s ,  

and t h e  same Motorola HT220 two-watt handy t a l k i e s  used f o r  t h e  w i r e l e s s  

s e c t i o n  r a d i o  system. A s  i n  t h e  c a s e  of w i r e l e s s  s e c t i o n  r a d i o ,  

communication range  w i l l  be  l i m i t e d  by i n t r i n s i c  r e c e i v e r  n o i s e  a s  

opposed t o  e x t e r n a l  e l e c t r i c a l  n o i s e .  The coverage e s t i m a t e s  a r e  based 

on l a t e r a l  coupl ing  l o s s  and l o n g i t u d i n a l  a t t e n u a t i o n  d a t a  s u p p l i e d  by 

t h e  c a b l e  manufac ture r ,  p r e l im ina ry  exper imenta l  d a t a  ob ta ined  f o r  t h e  

Radiax i n s t a l l a t i o n  i n  t h e  Bureau t s  S a f e t y  Research mine, and some of 

t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  d i s cus sed  under  w i r e l e s s  s e c t i o n  

r a d i o .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  ranges  expec ted  a long  hau lage  ways 

and down e n t r i e s  c r o s s i n g  hau lage  ways. 

When an  e n t r y  c r o s s i n g  t h e  hau lage  way i s  c l o s e  t o  a  r e p e a t e r  s t a t i o n ,  

two-way l a t e r a l  coverage should  be  p o s s i b l e  t o  handy t a l k i e  r a d i o s  l o c a t e d  

300-to-500 f e e t  down t h e  c r o s s  e n t r y .  F igure  1 4  i l l u s t r a t e s  t h e  expec ted  

s i g n a l  behav ior  and coverage down such a  c r o s s  e n t r y .  Once t h e  UHF s i g n a l  

f i e l d  becomes w e l l  e s t a b l i s h e d  i n  t h e  c r o s s  e n t r y ,  i t s  propaga t ion  down 

t h e  e n t r y  and around subsequent  c o m e r s  w i l l  b e  governed by t h e  same 

p r i n c i p l e s  and a t t e n u a t i o n  r a t e s  d i s cus sed  under  w i r e l e s s  s e c t i o n  r a d i o .  

F igu re  14 .  - Guided Wire less  Radio System, Propaga t ion  

Down Cross-Cuts Off Haulage Ways 

Arthur I) Little. Inc. 
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A s  t h e  d i s t a n c e  between t h e  c ros s  e n t r y  and t h e  haulage way r e p e a t e r  

s t a t i o n  becomes l a r g e r ,  t h e  s i g n a l  a v a i l a b l e  a t  t h e  mouth of  t h e  e n t r y  

w i l l  become weaker, s o  t h e  l a t e r a l  coverage down t h e  c r o s s  e n t r y  w i l l  be  

correspondingly reduced. Eventua l ly  t h e  two-way coverage w i l l  be  r e s t r i c t e d  

t o  t h e  conf ines  of t h e  haulage way cross -sec t ion .  The manufacturers  of 

t h e  cab l e  and p o r t a b l e  handy t a l k i e s ,  Andrew and Motorola r e s p e c t i v e l y ,  

have found t h a t  coverage becomes confined t o  t h e  haulage way a t  a 

d i s t a n c e  of approximately 2,000 f e e t  down t h e  cab l e  from t h e  r e p e a t e r  

s t a t i o n  a s  i n d i c a t e d  i n  Figure 1 3  above. This 2,000-foot d i s t a n c e  l i m i t  

d i c t a t e s  t h a t  a UHF Radiax cab l e  system, i f  designed t o  g ive  two-way 

coverage p r imar i l y  i n  t h e  haulage way, w i l l  r e q u i r e  a r e p e a t e r  p laced  

a t  t h e  c e n t e r  of each 4,000-foot run of cab le .  I f  coverage is a l s o  d e s i r e d  

down c r o s s  e n t r i e s ,  t h e  spacing between t h e  r e p e a t e r s  w i l l  have t o  be  

reduced t o  meet t h e  minimum two-way lateral  coverage r equ i r ed  i n  t h e  c ros s  

e n t r y  l oca t ed  midway between r e p e a t e r  s t a t i o n s .  

I n  sum, t h e  UHF Radiax-based guided w i r e l e s s  system does provide 

some l a t e r a l  two-way coverage down e n t r i e s  c ros s ing  haulage ways, bu t  

t h i s  l a t e r a l  coverage does no t  remain cons tan t  o r  l a r g e  over  a s u b s t a n t i a l  

l e n g t h  of a cab l e  run. This  decreases  t h e  a t t r a c t i v e n e s s  of  t h e  Radiax 

system from t h e  s t andpo in t s  of c o s t  and p r a c t i c a l i t y  f o r  p rovid ing  a r e a  

coverage i n  a U.S. mine environment. I f ,  on t h e  o t h e r  hand, t h e  coverage 

requirement can be l i m i t e d  t o  t h e  haulage way, t h i s  requirement can be 

more economically s a t i s f i e d  i n  a p r a c t i c a l  manner by us ing  much lower 

f requenc ies  t oge the r  w i th  less expensive coax ia l  c ab l e s ,  t h e  mine power 

c a b l e s ,  o r  t h e  t r o l l e y w i r e / t r a c k  t ransmiss ion  l i n e .  

Arthur D Little, Inc. 



Sys tem Descript ion 

Figure 15 is  a block diagram of a b a s i c  UHF guided wi re l e s s  r ad io  

system using Radiax cable.  It represents  t h e  kind of equipment needed 

f o r  a UHF haulage way app l i ca t ion .  The system a l s o  has a branch-off and 

associa ted  antenna terminat ion t o  allow c:ommunication with roving miners 

on a sec t ion .  Communications from t h e  sur face  t o  a roving miner a r e  

e s t ab l i shed  by means of audio and control. l i n e s  t h a t  go from t h e  con t ro l  

console on the  su r face  t o  r epea te r s  (o r  blase s t a t i o n s )  a t  f ixed  loca t ions  

i n  the  haulage way. The t r a n s m i t t e r s  of these  f ixed  s t a t i o n s  send UHF 

rad io  s i g n a l s  down t h e  Radiax cable  t o  roving miners equipped with 

por t ab le  handy t a l k i e s .  These handy t a lk . i e s  pick up a por t ion  of t h e  

s i g n a l  energy coupled i n t o  t h e  haulage way by the  holes  i n  the  s h i e l d  of 

the  cable.  Conversely, radio  t ransmissions from the  roving miners a r e  

picked up v i a  the  holes  i n  t h e  cable and c a r r i e d  i n s i d e  the  cable t o  a 

r epea te r  o r  base s t a t i o n ,  where t h e  audio output is  s e n t  v i a  t h e  audio 

and con t ro l  l i n e s  t o  t h e  con t ro l  console on t h e  sur face .  

Figure 15. - A  UHF Guided Wir'eless Radio System 

Using Radiax Cable 

I f  only roving miner-to-surface comnrunication i s  requi red ,  base 

s t a t i o n s  ins t ead  of r epea te r s  can be used, with only a s i n g l e  frequency 

(channel two) f o r  t ransmi t  and rece ive  being requi red  f o r  both t h e  

base s t a t i o n s  and por t ab le  u n i t s .  I f  roving miner-to-roving miner 

communication i s  requi red ,  i n  add i t ion  t o  communication with t h e  su r face ,  

r epea te r  s t a t i o n s  t h a t  r ece ive ,  amplify, iand re t ransmi t  s i g n a l s  from t h e  

Arthur D Little, Inc 
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por t ab le s  must be used,  toge ther  wi th  two f requencies .  ( In  t h i s  case ,  

channels one and two w i l l  be needed f o r  t ransmi t  and rece ive  by the  po r t ab le s ,  

r e spec t ive ly ,  and v i c e  v e r s a  f o r  t h e  r epea te r  s t a t i o n s . )  Adequate two-way 

coverage i n  t h e  haulage way i s  obtained by spacing t h e  r e p e a t e r s  o r  base  

s t a t i o n s  4000 f e e t  a p a r t .  

A s  shown i n  Figure 15 ,  each f i x e d  s t a t i o n  has an independent audio 

l i n e  f o r  r e l ay ing  received messages t o  t h e  su r face .  However, a common 

audio l i n e  is  used t o  a c t i v a t e  a l l  f i xed  s t a t i o n s  along t h e  haulage way 

f o r  t r ansmi t t ing  messages from t h e  su r face .  This al lows t h e  su r face  t o  

cover t h e  e n t i r e  haulage way wi th  a s i n g l e  t ransmiss ion ,  and t o  rece ive  

non in te r f e r ing  r e p l i e s  from miners loca ted  along d i f f e r e n t  4000-foot 

s e c t i o n s  of t h e  cable .  To provide roving miner-to-roving miner communica- 

t i o n  between miners loca ted  along d i f f e r e n t  4000-foot s e c t i o n s  of cable ,  

a d d i t i o n a l  audio and con t ro l  l i n e s  must be run between each of t h e  r epea te r  

s t a t i o n s ,  t o  al low each message from a po r t ab le  t o  be au tomat ica l ly  

r e t r ansmi t t ed  by a l l  r epea te r  s t a t i o n s  along t h e  haulage way. 

Figure 16 d e p i c t s  a UHF guided w i r e l e s s  r ad io  Radiax cable  system 

i n s t a l l e d  i n  t h e  ~ u r e a u ' s  Safe ty  Research mine. The dimensions of t h i s  

small  mine approach those  of a 600 f t .  1 s  600 f t .  mine s e c t i o n ,  s o  t h e  cab le  

layout  i s  somewhat r ep resen ta t ive  f o r  a s e c t i o n  app l i ca t ion  without  an 

antenna te rminat ion .  A two frequency 12-watt Motorola r epea te r  s t a t i o n  

loca ted  ou t s ide  t h e  mine i s  used f o r  miner-to-miner and miner-to-surface 

communications. A s i n g l e  frequency 40-watt Motorola base  s t a t i o n  loca ted  

i n  t h e  mine is  used a s  an a l t e r n a t i v e  mi-ner-to-surface communication 

pa th .  The system i s  a l s o  equipped wi th  a paging encoder a s  ind ica t ed  

Arthur D Little, fnc. 



i n  F igure  15.  This  encoder provides  a  more l i m i t e d  c a l l  a l e r t  o r  paging 

mode of ope ra t i on  wi th  l e s s  expensive pocket pagers  i n s t e a d  of handy 

t a l k i e s .  

F igure  16 .  -UHF 420 MHz Guided Wireless  Radio System 

I n s t a l l e d  i n  t h e  Sa fe ty  Research Mine 

Figure 17  shows t h e  system c o n t r o l  console  which would normally be 

l oca t ed  on t h e  s u r f a c e .  F igure  1 8  i s  a  photograph of t h e  two-frequency 

12-watt r e p e a t e r  s t a t i o n ,  whi le  F igure  19 shows t h e  40-watt base  s t a t i o n  

and s p e c i a l  power supply u n i t .  The 2-watt handy t a l k i e s  a r e  t h e  same 

ones d i scussed  under w i r e l e s s  s e c t i o n  r ad io  and a r e  shown i n  F igure  7. 

Figure 17 .  -System Control  Console 

F igure  18.  - Two-Frequency 12-Watt Repeater S t a t i o n  

F igure  19.  - S i n g l e  Frequency 40-Watt Base S t a t i o n  

and Spec i a l  Power Supply Unit  

The i n s t a l l a t i o n  shown i n  F igure  16 d id  no t  meet our  performance 

expec t a t i ons  d e s p i t e  t h e  use  of approximately 2,000 f e e t  of Radiax cab le .  

Complete two-way coverage of t h e  mine was no t  ob ta ined .  The worst  a r e a s  

were l a r g e l y  l oca t ed  i n  t he  l e f t  h a l f  of t h e  mine, p a r t i c u l a r l y  i n  t h e  

v e r t i c a l  cross-cut  w i th  t h e  45-degree c o m e r  on t h e  map i n  F igure  16 ,  

bu t  pockets  of weak performance w e r e  a l s o  p re sen t  i n  o t h e r  p a r t s  of t h e  

mine. Means of improving t h i s  performance by t h e  a d d i t i o n  of antenna 

te rmina t ions  a t  s e l e c t e d  l o c a t i o n s  a r e  c u r r e n t l y  under i n v e s t i g a t i o n .  

Arthur D Little, lnc. 
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FIGURE 18 TWO-FREQUENCY 12-WATT REPEATER STATION 

8.71 
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FIGURE 19 SINGLE FREQUENCY 40-WATT BASE STATION 
AND SPECIAL POWER SUPPLY UNIT 
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UHF OVERLAND LOOPBACK 

The Bureau has a l s o  inves t iga ted  meains of looping underground 

communication channels back t o  t h e i r  poin.ts of o r i g i n  on t h e  sur face .  

An example of a t y p i c a l  overland rad io  loopback channel i s  shown a s  p a r t  

of Figure 10.  I n  t h i s  i l l u s t r a t i o n  i t  i s  used t o  loopback a Radiax 

guided wi re l e s s  r ad io  communications chaninel. A s  shown i n  Figure 10 t h e  

audio output of an in-mine f ixed  s t a t i o n  :is brought ,via  audio and con t ro l  

l i n e s  i n  a power borehole o r  v e n t i l a t i o n  s h a f t ,  t o  a su r face  loopback 

s t a t i o n  cons i s t ing  of a 12-watt, six-channel UHF t r ansmi t t e r / r ece ive r  

and associa ted  antenna. Figure 20 i s  a plnotograph of such a sur face  

loopback s t a t i o n  loca ted  near  a borehole. The UHF rad io  loopback system 

can a l s o  loopback t h e  outputs  of t h e  underground mine phone and c a r r i e r  

phone communication channels,and those  of mine environment monitoring 

channels.  This is  done by running indepeindent s e t s  of wires  up t h e  same 

borehole t o  t h e  UHF loopback s t a t i o n  on t:he sur face  and occupying more of 

i t s  UHF channels.  On t h e  s u r f a c e ,  a l l  messages a r e  t ransmi t ted  overland 

t o  a s i m i l a r  t ransmi t / rece ive  s t a t i o n  loca ted  near  t h e  mine foreman's 

o f f i c e ,  and subsequently t o  appropr ia te  monitoring o r  con t ro l  s t a t i o n s .  

Figure 20. -Surface Transmitter/~eceiver/Antenna Sta t ion  

f o r  Overland Radio Loopback 

By plac ing  t h e  su r face  s t a t i o n s  a t  s t r a t e g i c  loca t ions ,  t he  mine phone 

l i n e ,  t r o l l e y  wi re ,  and environment monitoring channels a s  we l l  a s  wi re l e s s  

and guided wi re l e s s  channels can be  looped back together .  I n  t h i s  manner 

every transmission t h a t  goes i n t o  t h e  mine v i a  a primary rou te  can be 

sen t  out  again v i a  t h e  overland loopback. I f  a break should occur i n  any 
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FIGURE 20 SURFACE TRANSMITTERIRECEIVERIANTENNA 
STATION FOR 0VERLA.ND RADIO LOOPBACK 
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one of t h e  communication channels  and a miner inby t h e  b r eak  cannot be 

reached by t h e  primary r o u t e ,  t h e  loopback r o u t e  can be used t o  reach  

him. Sur face  power l i n e s  and te lephone l i n e s  a r e  a l s o  s u i t a b l e  f o r  

looping  back in-mine communication channels .  

CONCLUDING REMARKS 

The gene ra l  f e a t u r e s  of t h e  methods d i scussed  i n  t h i s  paper  f o r  

e s t a b l i s h i n g  two-way w i r e l e s s  and guided w i r e l e s s  r a d i o  communications 

between underground rov ing  miners  a t  UHF a r e  summarized i n  Table  1. 

Table 1. - UHF Radio I n  Mines f o r  Roving Miner-to-Miner Communications 

Method Un i t s  of Coverage 

D i r e c t  Wire less  Half Sec t i on ,  o r  

0 . 3  Mile of  Haulage Way 

Wire less  Whole Sec t i on ,  o:r 

Via Repeater  0 .6  Mile of Haulage Way 

Guided Wire less  Whole Sec t i on ,  o r  

Via Repeater and 0.8 Mile of Haulage Way 

Radiax Cable 

(per  u n i t  of coverage) 

Handy T a l k i e s  

Handy T a l k i e s ,  P lus  

Cen t r a l  Low-Power 

Repeater  

Handy T a l k i e s ,  P l u s  

Cen t r a l  High-Power 

Standard Repeater ,  P l u s  

Radiax Cable Along 

Haulage Way o r  D i s t r i b -  

u ted  i n  Sec t ion  

Furthermore,  rov ing  miner communications can be e s t a b l i s h e d  w i th  

t h e  su r f ace , and  between s e p a r a t e  coverage u n i t s  a long hau lage  ways o r  

d i f f e r e n t  s e c t i o n s , b y  adding i n t e r connec t  equipment a p p r o p r i a t e  t o  each 

method. The wi re less -v ia - repea te r  met:hod can u se  a r ad io - to - ca r r i e r  
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i n t e r connec t  t o  t h e  e x i s t i n g  mine phone l i n e  a t  each r e p e a t e r  l o c a t i o n ,  

t o g e t h e r  w i th  a  s tandard  c a r r i e r  phone a t  t h e  s u r f a c e  end of t h e  mine 

phone l i n e .  The guided w i r e l e s s  method can use i n t e r connec t  equipment 

s i m i l a r  t o  t h a t  f o r  t h e  w i r e l e s s  method, o r  i n s t a l l  a  s e t  of audio and 

c o n t r o l  l i n e s  connect ing a l l  t h e  r e p e a t e r  s t a t i o n s  w i th  each o t h e r  and 

wi th  a  s u r f a c e  console  s t a t i o n .  The l a t t e r  approach i s  t h e  cu r r en t  

p r a c t i c e  f o r  Radiax-based guided w i r e l e s s  systems. 

I n  sum, our  i n v e s t i g a t i o n s  revea:L t h a t  UHF w i r e l e s s  s e c t i o n  r a d i o  

is  more e f f e c t i v e ,  p r a c t i c a l  and economical than  Radiax-based UHF 

guided w i r e l e s s  r a d i o  f o r  bo th  s e c t i o n  and haulage way roving miner 

a p p l i c a t i o n s .  Wireless  s e c t i o n  r a d i o  a l s o  provides  s u p e r i o r  f l e x i b i l i t y  

f o r  e s t a b l i s h i n g  two-way communications a t  l o c a t i o n s  t h a t  may temporar i ly  

r e q u i r e  w i r e l e s s  coverage because of an emergency o r  maintenance problem. 

For s t r i c t l y  haulage way a p p l i c a t i o n s ,  much lower f requenc ies  and lower 

c o s t  t ransmiss ion  l i n e s  appear  t o  o f f e r  o t h e r  advantages,  and a r e  p r e s e n t l y  

be ing  i n v e s t i g a t e d .  
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11. THROUGH-THE-EARTH ELECTROMAGNETICS WORKSHOP 

A. INTRODUCTION 

During t h e  summer of 1973, ADL provided t e c h n i c a l  and suppor t  a s s i s t a n c e  
t o  PMSRC r e l a t e d  t o  a  Bureau-sponsored Through-the-Earth Electromagnet ics  
Workshop a t  t h e  Colorado School of Mines. This  workshop brought  t o g e t h e r  
people c u r r e n t l y  doing r e sea rch  and development r e l a t i n g  t o  t h e  des ign  
of  e l ec t romagne t i c  systems f o r  communicating w i t h ,  and/or  l o c a t i n g ,  sub- 
s u r f a c e  miners .  The o b j e c t i v e  of  t h i s  ~rorkshopwas t o  p r e sen t  and d i s c u s s  
t h e  l a t e s t  r e s u l t s  of  t h e  work of t h e s e  i n v e s t i g a t o r s ;  t o  summarize t h e  
p r e sen t  s t a t u s  of developments r e l a t e d  t:o t h i s  work; and t o  recommend 
sho r t -  and long-term r e sea rch  and development e f f o r t s  needed t o  advance 
t h e  s t a t e -o f - t he - a r t  and f u r t h e r  t h e  development of p r a c t i c a l  e l e c t r o -  
magnetic mine communication and l o c a t i o r ~  systems.  

ADL's  a s s i s t a n c e  inc luded:  t e c h n i c a l  p lanning  and suppor t i ng  s e r v i c e s  
r e l a t e d  t o  t h e  ~ u r e a u ~ s  p a r t i c i p a t i o n  i n  t h e  workshop; a c t i v e  p a r t i c i p a -  
t i o n  of  ADL s t a f f  dur ing  t h e  workshop, bo th  i n  t h e  p r e s e n t a t i o n  of a  
Bureau-sponsored paper  e n t i t l e d ,  "Theorjr of t h e  Propagat ion of UHF Radio 
Waves i n  Coal Mine Tunnels t t ,  and a s  Chairmen of two Working Groups on 
"Uplink and Downlink Communicationstt and "Operat ional  Communicationstf; 
reviewing of  papers  submit ted f o r  t h e  Workshop Proceedings ; and prepar-  
a t i o n  of  two r e p o r t s  summarizing t h e  p r e sen t  s t a t u s  and recommendations 
regard ing  t h e  r e sea rch  and development a r e a s  t r e a t e d  by t h e  above Work- 
i n g  Groups. 

The UHF Theory summary paper  and t h e  two Working Group summary r e p o r t s  
mentioned above w i l l  appear  i n  t h e  Proceedings of  t h e  Workshop,*and have 
been inc luded  i n  t h e  fo l lowing  s e c t i o n s  of  t h i s  P a r t  f o r  convenient  
r e f e r ence  . 

* These Proceedings a r e  t o  be  publ i shed  a s  p a r t  of t h e  Colorado 
School o f  Mines F i n a l  Report  t o  t h e  Bureau of Mines on Grant G133023. 
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B. THEORY OF THE PROPAGATION OF UHF RADIO WAVES 
IN COAL MINE TUNNELS 

Alfred G. EmslieI1 
Robert L. Lagace12 and Peter F. Strong2 

ABSTRACT 

This paper is concerned with the theoretical study of UHF radio communication in coal mines, 
with particular reference to  the rate of loss of signal strength along a tunnel, and from one tunnel to  
another around a corner. Of prime interest are the nature of the propagation mechanism and the 
prediction of the radio frequency that propagates with the smallest loss. Our theoretical results are 
compared with measurements made by Collins Radio Co. This work was conducted as part of the 
Pittsburgh Mining and Safety Research Center's investigation of new ways to  reach and extend 
two-way communications to the key individuals that are highly mobile within the sections and 
haulage ways of coal mines. 

INTRODUCTION 

At frequencies in the range of 200-4,000 MHz the rock and coal bounding a coal mine tunnel 
act as relatively low loss dielectrics with dielectric constants in the range 5-10. Under these 
conditions a reasonable hypothesis is that transmission takes the form of waveguide propagation in 
a tunnel, since the wavelengths of the UHF waves are smaller than the tunnel dimensions. An 
electromagnetic wave traveling along a rectangular tunnel in a dielectric medium can propagate in 
any one of a number of allowed waveguide modes. All of these modes are "lossy modes" owing to 
the fact that any part of the wave that impinges on a wall of the tunnel is partially refracted into 
the surrounding dielectric and partially reflected back into the waveguide. The refracted part 
propagates away from the waveguide and represents a power loss. This type of waveguide mode 
differs from the light-pipe modes in glass fibers in which total internal reflection occurs at the wall 
of the fiber, with zero power loss if the fiber and the matrix in which it is embedded are both 
lossless. It is to  be noted that the attenuation rates of the waveguide modes studied in this paper 
depend almost entirely on refraction loss, both for the dominant mode and higher modes excited by 
scattering, rather than on ohmic loss. The effect of ohmic loss due to the $mall conductivity of the 
surrounding material is found to  be negligible at the frequencies of interest here, and will not be 
further discussed. 

The views and conclusions contained in this document are those of the authors and should not be interpreted as 
necessarily representing the official policies of the Interior Department's Bureau of Mines or the U.S. Government. 
This paper was prepared under USBM Contract No. H0122026. 

1. Consultant: Formerly with Arthur D. Little, Inc. (Retired) 
2. Arthur D. Little, I nc., Cambridge, Massachusetts. 
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The study reported here is concerned with tunnels of rectangular cross section and the theory 
includes the case where the dielectric constant of the material on the side walls of the tunnel is 
different from that on top and bottom walls. The work extends the earlier theoretical work by 
Marcatili and ~chmel tzer( '  ) and by  laser(' ) which applies to waveguides of circular and parallel-plate 
geometry in a medium of uniform dielectric constant. 

In this paper we present the main features of the propagation of UHF waves in tunnels. Details 
of the derivations are contained in Arthur D. Little, Inc. reports.(3 ) 

THE FUNDAMENTAL ( 1 , l )  WAVEGUIDE MODES 

The propagation modes with the lowest attenuation rates in a rectangular tunnel in a dielectric 
medium are the two (1 , l )  modes which have the electric field i? polarized predominantly in the 
horizontal and vertical directions, respectively. We will refer t o  these two modes as the Eh and E, 
modes. 

The main field components of the Eh mode in the tunnel are 

Ex = Eo cos kx x cos ky y e-ikzz (1) 

Hy = (k, l ~ o  )Eo cos k, x cos ky y e-ikzz (2) 

where the symbols have their customary meaning. The coordinate system is centered in the tunnel 
with x horizontal, y vertical, and z along the tunnel. In addition to these transverse field 
components there are small longitudinal components E, and Hz and a small transverse component 
H,. For the frequencies of interest here 8, and ky are small compared with k, which means that 
the wave propagation is mostly in the z-direction. From a geometrical optics point of view, the ray 
makes small grazing angles with the tunnel walls. 

In the dielectric surrounding the tunnel the wave solution has the form of progressive waves in 
the transverse as well as the longitudinal directions. The propagation constant k, for the ( 1 , l )  mode 
is an eigenvalue determined by the boundary conditions of continuity of the tangential components 
of and 3 at the walls of the tunnel. Owing to the simple form of the wave given by (1) and (2) 
these conditions can be satisfied only approximately. However, a good approximation to k, is 
obtained. The imaginary part of k,, which arises owing to the leaky nature of the mode, gives the 
attenuation rate of the wave. The loss LE ,, in dB for the (1 , l )  Eh mode is given by 

where K ,  is the dielectric constant of the side walls and K2 of the roof and floor of the tunnel. 
The corresponding result for the (1 , l )  E, mode is 
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These results are valid if the wavelength h is small compared with the tunnel dimensions d ,  
and d 2 .  The same formulas are also obtained if one adds the attenuations for horizontal and vertical 
slot waveguides with dimensions d2 and d l ,  and dielectric constants K2 and K , ,  respectively. The 
losses calculated by (3) and (4) also agree closely with those calculated by a ray approach. 

Figure 1 shows loss rates in dB1100 ft as functions of frequency calculated by (3) and (4) for 
the (1 , l )  Eh and E, modes in a tunnel of width 14 ft and height 7 ft,  representative of a haulage 
way in a seam of high coal, and for K, = K2 = 10, corresponding to coal on all the walls of the 
tunnel. It is seen that the loss rate is much greater for the E, mode. Figure 2 shows the calculated 
Eh loss rate for a tunnel of half the height. The higher loss rate in the low coal tunnel is due to the 
effect of the d i  term in (3). 

Two experimental values obtained by Collins Radio C O . ( ~  ) for horizontal-horizontal antenna 
orientations are also shown in Figure 1. These values agree well with theory for the Eh mode for 
41 5 MHz, but not so well for 1000 MHz. The departure suggests that some additional loss 
mechanism sets in at higher frequencies. 

It is also significant that the experimental values of the loss rates for all three orientation 
arrangements of the transmitting and receiving dipole antennas, namely, horizon tal-horizon tal, 
vertical-horizontal, and vertical-vertical, are surprisingly close to each other. The independence of 
loss rate with respect to polarization is not predicted by the theory discussed so far, as seen in 
Figure 1 for the Eh and E, modes. Indeed, the theory predicts no trarlsmission at all for the VH 
antenna arrangement. 

PROPAGATION MODEL 

The higher observed loss rate at  the higher frequencies relative to the calculated Eh mode 
values, and the independence of the loss rate on antenna orientation can both be accounted for if 
one allows for scattering of the dominant (1 , l )  Eh mode by roughness and tilt of the tunnel walls. 
The scattered radiation goes into many higher modes and can be regarded as a diffuse radiation 
component that accompanies the Eh mode. The diffuse component is in dynamical equilibrium 
with the Eh mode in the sense that its rate of generation by scattering of the Eh mode is balanced 
by its rate of loss by refraction into the surrounding dielectric. Since the diffuse component consists 
of contributions from the (1 , l )  E, mode and many higher order waveguide modes, all of which have 
much higher refractive loss rates than the fundamental Eh mode, the dynamical balance point is 
such that the level of the diffuse component is many dB below that of the Eh mode at any point in 
the tunnel. 

Our propagation model, comprising the (1.1 ) Eh mode plus an equilibrium diffuse component, 
explains the discrepancy between theory and experiment in Figure 1 ,  since the loss due to  scattering 
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of the Eh mode is greater at 1000 MHz than at 41  5 MHz owing to the larger effect of wall tilt at the 
higher frequency. The model accounts for the independence of loss rate on antenna orientation, 
since the loss rate is always that of the Eh mode, except for initial and final transition regions. no 
matter what the orientations of the two antennas may be. The transition regions, however. cause 
different insertion losses for the different antenna orientations. 

Further strong support for the theoretical model is provided by the discovery by Collins Radio 
Co. that a large loss in signal strength occurs when the receiving antenna is moved around a corner 
into a cross tunnel; and that the signal strength arouind the comer is independent of receiving 
antenna orientation. This is exactly what our model predicts since the well collimated Eh mode in 
the main tunnel co~lples very weakly into the cross tunnel, whereas the uncollimated diffuse 
component couples quite efficiently. Since the diffuse radiation component is likely to be almost 
unpolarized. the observed independence of signal strength on receiving antenna orientation is 
understandable. 

Another experimental result is that the initial atttmuation rate in the cross tunnel is much 
higher than the rate in the main tunnel. This is also in accord with the model since the diffuse 
radiation component has a much larger loss rate than the E, mode owing to its steeper angles of 
incidence on the tunnel walls, 

THE DIFFUSE RADIATION COMPONENT 

Scattering of the ( 1.1 ) Eh mode into other modes to generate the diffuse component occurs by 
two mechanisms: wall roughness and wall tilt. 

Roughness is here regarded as local variations in the level of the surface relative to the mean 
level of the surface of a wall. For the case of a Gaussian distribution of the surface level, defined by 
a root mean square roughness h. the loss in dB by the E, ]mode is given by the formula 

This is also the gain by the diffuse component due to roughness. 

Long range tilt of the tunnel walls relative to the mean planes which define the dimensions d , 
and d, of the tunnel causes radiation in the Eh mode to be deflected away from the directions 
defined by the phase condition for the mode. One can calculate the average coupling factor of such 
deflected radiation back into the Eh mode and thereby find the loss rate due to tilt. The result in 
dB is 

where 0 is the root mean square tilt. Eq. (6) also gives the rate at which the diffuse component gains 
power from the E, mode as a result of the tilt. 
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It is noted from (5) and (6) that roughness is most important at low frequencies while tilt is 
most important at high frequencies. 

Figure 3 shows the effect on the (1 , l )  Eh mode propagation of adding the loss rates due to 
roughness and tilt t o  the direct refraction loss given in Figure 1. The curves are calculated for a root 
mean square roughness of 4 inches and for various assumed values of 0 .  It is seen that a value 0 = 1 " 
gives good agreement with the experimental values of Collins Radio Co. The effect of tilt is much 
greater than that of roughness in the frequency range of interest. 

Having determined the value of 0 ,  for the assumed value of h, we can now find the intensity 
ratio of the diffuse component to the Eh mode from the equilibrium balance equation 

Id , main /Ih, main = Lh 13 ILd (7) 

where L i d  is the loss rate from the Eh mode into the diffuse component, and Ld is the loss rate of 
the diffuse component by refraction. To estimate Ld approximately, we take the loss rate t o  be 
that of an "average ray" of the diffuse component having direction cosines (1 / ! ,  1 1 1 ' 7 ) .  
Then 

where R, the Fresnel reflectance of the average ray for K1 = K2 = 10, has the value 0.28. Then for 
d l  = 14 ft, d2 = 7 ft, z = 100 ft, we find that Ld = 119 dB/100 ft.  Thisvalue has to  be corrected 
for the loss of diffuse radiation into cross tunnels which we assume have the same dimensions as the 
main tunnel and occur every 75 ft.  From relative area considerations we find that this loss is 
2 dB/ 100 ft. The corrected value is therefore 

Ld = 121 dB/100 ft. (9 

which is independent of frequency. 

The loss rate Lhd is shown in Table I as a function of frequency for the 14 ft x 7 ft tunnel. 
The values are the sum of the roughness and tilt losses calculated by (5) and (6) for h = 4 inches rms 
and 0 = 1 " rms. The diffuse component level relative to the E, mode, calculated by (7), is given in 
the fourth column of Table I. The diffuse component is larger at high frequencies owing to the 
increased scattering of the Eh mode by wall tilt. 

PROPAGATION AROUND A CORNER 

From solid angle considerations one finds that the fraction of the diffuse component in the 
main tunnel that enters the 14 ft x 7 ft aperture of a cross tunnel is 15% or - 8.2 dB. The diffuse 
level just inside the aperture of the cross tunnel, relative to the Eh mode level in the main tunnel is 
therefore obtained by subtracting 8.2 dB from the values in column 4 of Table 1. The results are 
shown in column 5 of the table. A dipole antenna with either horizontal or vertical orientation 
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placed a t  this point responds t o  one half of the diffuse radiation, and therefore gives a signal that is 
3 dB less than the values in column 5 of Table I, relative to  a horizontal antenna in the main tunnel. 

If a horizontal antenna is moved down the cross tunnel the loss rate is initially 1 19 dB/ 100 f t  
(the value calculated above without correction for tunnels branching from the cross tunnel). 
Ultimately, however, the loss rate becomes that of the Eh mode excited in the cross tunnel by the 
diffi~se radiation in the main tunnel. We determine the Eh level at the beginning of the cross tunnel 
by calculating the fraction of the diffuse radiation leaving the exit aperture of the main tunnel 
which lies within the solid angle of acceptance of the Eh mode in the cross tunnel. The result is 

Ih . c r o ~ s / ~ d ,  m a i n  = h 3 / 1 6  n d :  d 2  

This ratio, in dB, is given in column 2 of Table 11. 

Column 3 of Table I1 is the Eh level at the beginning of the cross tunnel relative to  the Eh level 
in the main tunnel found by adding column 3 of Table I1 and column 4 of Table I. We find the 
corresponding ratio at 100 ft down the cross tunnel by adding the Eh propagation loss rates given in 
Figure 3 for 8 = l o .  The results are shown in the last column of Table 11. 

The foregoing theoretical results for the diffuse and Eh components in the cross tunnel allow 
us t o  plot straight lines showing the initial and final trends in signal level in the cross tunnel. These 
asymptotic lines are shown in Figures 4 and 5 for 41 5 ]MHz and 1000 MHz, in comparison with the 
cross tunnel measuren~ents of Collins Radio Co. The agreement both in absolute level and distance 
dependence gives good support to  the theoretical model. 

EFFECT OF ANTENNA ORIENTATION 

The theoretical model also allows us to  predict 'the effect of antenna orientation when the 
transmitting and receiving antennas are far enough apart so that dynamical equilibrium between the 
Eh Inode and the diffuse component is established. We start with both antennas horizontal (HH 
configuration) and consider this as the 0 dB reference. Then if the receiving antenna is rotated t o  
the vertical (HV configuration) this antenna is now orthogonal t o  the Eh mode, and therefore 
responds only t o  one half of the diffuse component,  so that the loss is 3 dB more than the values in 
Table I, column 4.  The result is shown in Table I11 column 2. Now. by the principle of reciprocity, 
the transmission for VH is the same as for HV as shown in column 3 of Table 111. We now rotate the 
receiving antenna t o  get the configuration VV. Again we incur an additional transmission loss of 
3 dB more than the values in Table I, column 4.  The VV values are shown in Table 111, column 4 .  

ANTENNA INSERTION LOSS 

Dipole o r  whip antennas are the most convenient for portable radio communications between 
individuals. However, a considerable loss of signal power occurs at both the transmitter and receiver 
when simple dipole antennas are used because of the inefficient coupling of these antennas to  the 

. waveguide mode. The insertion loss of each dipole antenna can be calculated by a standard 
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microwave circuit technique for computing the amount of power coupled into a waveguide mode 
by a probe, whereby the dipole antenna is represented as a surface current filament having a 
sinusoidal current distribution along its length. The result is 

Zo is the characteristic impedance of the Eh (1 , l )  mode and R, is the radiation resistance of the 
antenna, which are approximately 377 and 73 ohms, respectively, provided that X is small compared 
with d ,  and d 2 .  

Formula (1 1) applies to  antennas placed at the center of the tunnel and gives the results shown 
in Table IV, where the insertion loss Li in dB is equal to - 10 log, oC. It is seen that the insertion 
loss decreases rapidly with increasing wavelength, as one would expect, since the antenna size 
occupies a larger fraction of the width of the waveguide. The overall insertion loss, for both 
antennas, is twice the value given in the table. A considerable reduction in loss would result if high 
gain antenna systems were used. 

OVERALL LOSS IN A STRAIGHT TUNNEL 

The overall loss in signal strength in a straight tunnel is the sum of the propagation loss and the 
insertion losses of the transmitting and receiving antennas. Table V lists the component loss rates 
for the (1 , l )  Eh mode due to  direct refraction, roughness, and tilt; the total propagation loss rate; 
the insertion loss for two half-wave antennas; and the overall loss for five different distances. The 
overall loss for the HH orientation is also shown in Figure 6, where it is seen that the optimum 
frequency for minimum overall loss is in the range 500-1000 MHz, depending on the desired 
communication distance. 

It is also of interest to  combine the results in Table V with those in Table I11 to  obtain the 
overall loss versus distance for the HH, HV (or VH), and VV antenna orientations. In order to  
compare the theoretical values with the experimental data of Collins Radio Co., which are expressed 
with reference to  isotropic antennas, we add 4.3 dB to  the overall loss calculated for half-wave 
dipoles. The theoretical results for the three different antenna orientations for frequencies of 4 15 
MHz and 1,000 MHz are compared with the experimental data in Figures 7 and 8. It is seen that the 
theory agrees quite well with the general trend of the data. 

OVERALL LOSS ALONG A PATH WITH ONE CORNER 

Table VI gives the overall Eh mode loss for a path from one tunnel to  another, including the 
corner loss involved in re-establishing the Eh mode in the second tunnel. The loss is the sum of the 
corner loss, given in column 3 of Table I1 and repeated in Table VI, and the straight tunnel loss 
given in Table V for various total distances. The results in Table VI are for the case of half-wave 
dipole transmitting and receiving antennas and are valid when neither antenna is within about 100 ft 
of the corner. The overall loss is less than the values in Table VI if the receiving antenna is within 
this distance, owing to  the presence of the rapidly attenuating diffuse component that passes 
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around the corner. From the principle of reciprocity, the same is true if the transmitting antenna is 
within 100 ft of the corner. 

The results indicate that the optimum frequency lies in the range 400-1,000 MHz. However, if 
one installs horizontal half-wave resonant scattering dipoles with 45O azimuth in the important 
tunnel intersections, in order to guide the Eh mode around the corner, the optimum may shift to 
somewhat lower frequencies since a greater fraction of the incident Eh wave will be deflected by the 
longer low-frequency dipoles. 

CONCLUSIONS 

The kind of propagation model developed in this paper, involving the (1 , l )  Eh waveguide 
mode accompanied by a diffuse component in dynamical equilibrium with it, seems to be necessary 
to account for the many effects observed in the measurements of Collins Radio Company: the 
exponential decay of the wave; the marked polarization effects in a straight tunnel; the indepen- 
dence of decay rate on antenna orientation; the absence of polarization at the beginning of a cross 
tunnel; the two-slope decay characteristic in a cross tun~nel; and overall frequency dependence. All 
of these effects are moderately well accounted for by the theoretical model. However, considerable 
refinement of the theory could be made by removing some of the present oversimplifications, such 
as: the assumption of perfectly diffuse scattering both in the main tunnel and immediately around a 
comer in a cross tunnel; the use of the "average ray" approximation; and the description of the 
propagation around a corner in terms of two asymptotes only. 

The last item particularly deserves more attention since we have not included the conversion of 
the diffuse component in the transition region near the beginning of the cross tunnel into the Eh 
mode. For this reason we think that the good fit of the tlheory to the experimental data in Figures 4 
and 5 may be somewhat fortuitous. More data at greater distances down a cross tunnel would be 
very desirable to  settle this question. Data covering a wider frequency range in both main and cross 
tunnels would also allow a more stringent test of the theory. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 7 

OVERALL LOSS IN A STRAIGHT TUNNEL IN HlGH COAL 
(For Isotropic Antennas) 
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OVERVIEW 

BRIEF DESCRIPTION OF THE FOUR PROMISING SYSTEMS 

Uplink-Data 
Downlink-Vo ic e 
Sidelink-Call Alert Coded Page 
Sidelink-Roof Bolt Voice Page 

PRESENT STATUS AND RECOMMENDED FUTURE WORK 

Uplink Data System 
1. Overview 

a. Nominal Mines 
b. Deep Mines 
c. Equipment 

2. The Channel-Transmission Loss 
a. Loops 
b. Parasitic Structures 
c. Grounded Wires 

3. The Channel-Noise 
a. Past Data 
b. NBS Mine Noise Measurements 
c. Whistler and Geomagnetic Data 
d. Data Utilization 

4. The Source-Message, Coding, Modulation, Operating Frequency 
5. The Receiver-Sensor, ~emodulation/~ecoding, Special Processing 
Downlink Voice System 
1. Overview 

a. Experience to Date 
b. Future Developments 
c. Deep Mines 

2. The Channel-Transmission Loss 
a. Long Wire Antennas 
b. Parasitic Structures 

3. The Channel-Noise 
4. The Source-Message, Coding, Modulation, Operating Frequency 
5. The Receiver-Sensor, ~emodulation/~ecoding, Special Processing 

a. Downlink 
b. Uplink 

Sidelink Call Alert Coded Page System 
1. Overview 
2. The Channel-Transmission Loss 

a. Loops 
b. Parasitic Structures 
c. Roof Bolts 

3. The Channel-Noise 
4,5. The Source and Receiver 

Sidelink Roof Bolt Voice Page System 
1. Overview 
2. The Channel-Transmission Loss 

a. Finite Wire Antenna Terminated by Roof Bolts 
b. Parasitic Structures 

3. The Channel-Noise 
4,5. The Source and Receiver 
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The a t t e n t i o n  of t h i s  group was focuss;ed on four  through-the-earth communi- 
c a t i o n  systems t h a t  are p r e s e n t l y  of high i - n t e r e s t  t o  t h e  U.S. Bureau of Mines; 
f o u r  systems f o r  p rovid ing  operational/emergency communications on t h e  working 
s e c t i o n s  of c o a l  mines,  indeed up t o  t he  ve,ry f a c e  of t h e  s e c t i o n .  The sys  t e rn  
a r e :  upl ink-data ,  downlink-voice, s i d e l i n k - c a l l  a l e r t  coded page, s ide l ink- roof  
b o l t  vo ice  page. Each of t he se  s y s t e m  makes use of t h e  mine overburden a s  t he  
s i g n a l  t ransmiss ion  medium, a s  opposed t o  t h e  guiding w i r e s ,  c ab l e s ,  and tunne ls  
t r e a t e d  by t h e  o p e r a t i o n a l  communications working group. Each of t he se  systems 
s a t i s f i e s  one o r  more of t h e  Bureau's o b j e c t i v e s  f o r  mine communications systems;  
namely 

r e l i a b l e  l i n k s  f o r  monitor ing the  mine environment under both 
o p e r a t i o n a l  and emergency cond i t i ons .  

r e l i a b l e  l i n k s  f o r  communicating wi th  miners dur ing  emergencies. 

s p e c i a l  l i n k s  f o r  i n c r e a s i n g  t h e  e f f i c i e n c y  of day-to-day opera t ions  
of t he  mine. 

Each of t he se  systems has  been s u c c e s s f u l l y  demonstrated on a l i m i t e d  experimental  
b a s i s ,  and pro to types  of a l l  t he se  systems a r e  i n s t a l l e d  and ope ra t i ng  i n  t h e  
USBM experimental  mine i n  Bruceton, Pa. Each of t he se  systems must now be o p t i -  
mized r ega rd ing  i t s  performance, and engineered f o r  p r a c t i c a l  r o u t i n e  a p p l i c a t i o n  
t o  t h e  working s e c t i o n s  of a c t u a l  ope ra t i ng  c o a l  mines, p a r t i c u l a r l y  those of t he  
room and p i l l a r  type .  

This op t imiza t ion  and engineer ing  must t ake  p l ace  s u b j e c t  t o  t he  p r i n c i p a l  
c o n s t r a i n t s  l i s t e d  by Howard E. Parkinson i n  h i s  Workshop paper e n t i t l e d ,  "Ob jec- 
t i v e s  and Cons t r a in t s  of Through-the-Earth Electromagnet ic  Communications systems1' 
and enumerated below. 

a Depth of Mine Overburden 

Overburden Conductivity 

a Electromagnet ic  Noise I n  and Above Mines 

Limited In-Mine E l e c t r i c a l  Energy (S t a t i ona ry  o r  Xan Carr ied)  During 
an Emergency 

I n t r i n s i c  Sa fe ty  f o r  In-Mine Equipment 

P r a c t i c a l  and Rugged Equipment f o r  Use Under Both ope ra t i ona l /  
Emergency ~ o n d i  t i o n s  

Severe Weight L imi t a t i ons  f o r  Man Carrried Equipment 

Reasonably Low Costs Espec i a l l y  f o r  Man Carr ied  Equipment 

P a r t  I1 of t h i s  paper provides  a b r i e f  d e s c r i p t i o n  of each system, whi le  P a r t  111 
summarizes t h e  p re sen t  s t a t u s  of developments r e l a t e d  t o  t he se  systems and some 
recommendations f o r  f u t u r e  work needed t o  advance these  systems t o  t h e  p r a c t i c a l  
a p p l i c a t i o n  s t age .  

Arthur D Little fnc 



BRIEF DESCRIPTION OF THE FOUR PROMISIIJG SYSTEMS 

This  i s  a  v e r t i c a l  through-the-ear th  narrow band d a t a  channel  f o r  moni to r ing  
impor tan t  pa ramete rs  of  t h e  mine environment under o p e r a t i o n a l  and emergency con- 
d i t i o n s ,  and f o r  r e c e i v i n g  coded messages o r  r e p l i e s  from miners  d u r i n g  a n  

-2 
emergency. Opera t ing  ranges  compat ib le  w i t h  1 ,000  f o o t  deep mines w i t h  o = 10 
mho/m overburden a r e  r e q u i r e d .  The in-mine t r a n s m i t t e r  would b e  l o c a t e d  a t  a  key 
p l a c e  on t h e  s e c t i o n ,  such a s  t h e  l o a d i n g  p o i n t ,  where t h e  p r e s e n t  mine pager 
phone i s  a l s o  t e rmina ted .  The s u r f a c e  r e c e i v e r  would have t o  be  l o c a t e d  i n  t h e  
v i c i n i t y  of t h e  p o i n t  d i r e c t l y  above t h e  in-mine t r a n s m i t t e r ,  p r i m a r i l y  because  
of t h e  i n h e r e n t  power l i m i t a t i o n s  imposed on an in-mine t r a n s m i t t e r  d u r i n g  a n  
emergency. Th is  l o c a t i o n  requirement  f o r  t h e  s u r f a c e  r e c e i v e r  may pose  a  d i f f i -  
c u l t y  f o r  some mines w i t h  r e g a r d  t o  s u r f a c e  a c c e s s  r i g h t s  over  advancing s e c t i o n s ,  
and t h e r e f o r e  may r e s t r a i n  such u p l i n k  communications t o  emergency s i t u a t i o n s  
d u r i n g  which mobi le  equipment can be  t e m p o r a r i l y  i n s t a l l e d  over  t h e  known l o c a t i o n  
o f  t h e  in-mine t r a n s m i t t e r .  During normal mine o p e r a t i o n s ,  t h e  mine environmental  
d a t a  cou ld  be  monitored by means of  a  c a r r i e r  channe l  over  t h e  mine pager phone 
l i n e .  

The l i m i t e d  in-mine t r a n s m i t t e r  power a v a i l a b l e  d u r i n g  a n  emergency and t h e  
e l e c t r o m a g n e t i c  n o i s e  l e v e l s  p r e s e n t  on t h e  s u r f a c e  have l e d  t o  t h e  conc lus ion  
t h a t  u p l i n k  t r a n s m i s s i o n  of baseband v o i c e  i s  n o t  a  p r a c t i c a l  goa l .  There fore  
i t  h a s  been d e l e t e d  a s  a  requ i rement  u n t i l  p r a c t i c a l ,  v o i c e  bandwidth co~npress ion  
t echn iques  o r  o t h e r  t y p e s  of s i g n a l  p r o c e s s i n g  become a v a i l a b l e  t o  change t h i s  
conc lus ion .  

Downlink-Voice 

This  i s  a  v e r t i c a l  through-the-ear th  v o i c e  channe l  f o r  t r a n s m i t t i n g  messages,  
d u r i n g  a  mine emergency, t o  miners  c a r r y i n g  a  s m a l l  emergency v o i c e  r e c e i v e r ,  
p r e f e r a b l y  b u i l t  i n t o  t h e i r  he lmets .  A s  i n  t h e  c a s e  of t h e  u p l i n k  r e c e i v e r ,  
d i f f i c u l t i e s  r e g a r d i n g  s u r f a c e  a c c e s s  r i g h t s  over  advancing s e c t i o n s  may r e q u i r e  
a  mobi le  s u r f a c e  t r a n s m i t t e r  i n s t a l l a t i o n  t h a t  is  t e m p o r a r i l y  i n s t a l l e d  orlly 
d u r i n g  emergencies .  However, s i n c e  t h e  t r a n s m i t t e r  power a v a i l a b l e  on t h e  s u r -  
f a c e  i s  much g r e a t e r  than  t h a t  underground d u r i n g  a n  emergency, t h e  downlink 
a l l o w s  g r e a t e r  o p e r a t i o n a l  f l e x i b i l i t y  i n  communicating w i t h  moving miners ,  and 
may reduce  t h e  s u r f a c e  a c c e s s  r i g h t s  problem somewhat, because  of t h e  poten- 
t i a l l y  g r e a t e r  coverage a r e a  of  each s u r f a c e  t r a n s m i t t e r .  A s  i n  t h e  u p l i n k  c a s e ,  
o p e r a t i n g  r a n g e s  compat ib le  w i t h  1 ,000  f o o t  deep mines w i t h  o = mho/m 
overburden are r e q u i r e d .  

S i d e l i n k - C a l l  A l e r t  Coded Page 

This  i s  a  h o r i z o n t a l  through-the-ear th  narrow band channel  f o r  t r a n s m i t t i n g  
a  c a l l  a l e r t  pag ing  s i g n a l  t o  key i n d i v i d u a l s  rovirig on a  working s e c t i o n  d u r i n g  
normal mine o p e r a t i o n s ,  t o  n o t i f y  them t h a t  they  a r e  wanted on t h e  mine pager 
phone. The t r a n s m i t t e r ,  a c t i v a t e d  by a  s i g n a l  s e n t  over  t h e  mine phone l i n e ,  
would be  somewhat c e n t r a l l y  l o c a t e d  n e a r  t h e  s e c t i o n  l o a d i n g  p o i n t  a s  i n  t h e  
u p l i n k  system,  and conce ivab ly  could  b e  i n t e g r a t e d  w i t h  t h e  u p l i n k  equipment i f  
d e s i r e d .  The r e c e i v e r s  would b e  c a r r i e d  by t h e  miner ,  p r e f e r a b l y  i n  h i s  helmot 
a s  i n  the  c a s e  of t h e  emergency v o i c e  r e c e i v e r  f o r  t h e  downlink system. f a c t  
t h e  Bureau 's  p r e s e n t  d e s i r e  i s  t o  have t h i s  emergency v o i c e  r e c e i v e r  s e r v e  a 
d u a l  r o l e ,  f o r  key s u p e r v i s o r y  and maintenance peop le ,  by a l s o  o p e r a t i n g  a s  a 
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narrowband c a l l  a l e r t  r e c e i v e r  under normal o p e r a t i n g  c o n d i t i o n s .  Such a  c a l l  
a l e r t  sys tem would extend mine phone pag ing  t o  r o v i n g  i n d i v i d u a l s  r i g h t  up t o  
t h e  working f a c e ,  the reby  i n c r e a s i n g  b o t h  s a f e t y  and o p e r a t i o n a l  e f f i c i e n c y .  
Th i s  would r e q u i r e  o p e r a t i n g  r a n g e s  on t h e  o r d e r  of 400 t o  800 f e e t  i n  overbur-  
dens  o f  o = l o w 2  mho/m i n  o r d e r  t o  cover  a  t y p i c a l  600 by 600 f o o t  s e c t i o n ,  
depending on t h e  l o c a t i o n  of  t h e  t r a n s m i t t e r .  

Sidelink-Roof B o l t  Voice Page 

Th i s  i s  a h o r i z o n t a l  through- the-ear th  v o i c e  channe l  f o r  t r a n s m i t t i n g  a  more 
comprehensive v o i c e  message o r  page,  a s  opposed t o  a  s i m p l e  c a l l  a l e r t ,  t o  key 
i n d i v i d u a l s  r o v i n g  on a  working s e c t i o n  d u r i n g  normal o p e r a t i n g  c o n d i t i o n s .  A s  
i n  t h e  c a l l  a l e r t  sys tem t h e  t r a n s m i t t e r  could  a l s o  b e  l o c a t e d  a t  t h e  s e c t i o n  
l o a d i n g  p o i n t ,  t h e r e b y  r e q u i r i n g  t h e  same o p e r a t i n g  range  a s  t h e  c a l l  a l e r t  
sys tem.  However i t  most l i k e l y  would n o t  s h a r e  equipment w i t h  an  u p l i n k  sys tem 
a s  a  c a l l  a l e r t  sys tem might .  Being a  v o i c e  bandwidth sys tem f o r  use  under 
o p e r a t i o n a l  c o n d i t i o n s  when e l e c t r o m a g n e t i c  n o i s e  l e v e l s  a r e  h i g h ,  p a r t i c u l a r l y  
i n  t h e  a u d i o  band,  a  s i g n i f i c a n t l y  h i g h e r  o p e r a t i n g  f requency than t h a t  p o s s i b l e  
f o r  a  narrowband c a l l  a l e r t  o r  u p l i n k  sys tem i s  favored .  The r e c e i v e r  f o r  t h e  
roof  b o l t  pag ing  sys tem i s  p r e s e n t l y  conceived a s  a  pocke t - s i zed  u n i t ,  b u t  
o t h e r  packages such a s  a  helmet  mounted u n i t  a r e  n o t  excluded.  

PRESENT STATUS AND RECOMMENDED FUTURE WORK 

To a r r i v e  a t  a  d e s i g n  t h a t  i s  a t  l e a s t  a c c e p t a b l e ,  i f  n o t  optimum, 
r e g a r d i n g  performance and p r a c t i c a l i t y  f o r  any of t h e  above communication sys -  
tems,  one u s u a l l y  must f i r s t  de te rmine  how each of t h e  major e l ements  compris ing 
t h e  sys tem i n f l u e n c e  i t s  performance,  and then u s e  them s o  a s  t o  g e t  t h e  d e s i r e d  
r e s u l t s .  An o f t e n  i n d i s p e n s i b l e  a i d  t o  t h i s  p r o c e s s ,  p a r t i c u l a r l y  when d e s i g n  
i n f o r m a t i o n  f o r  one o r  more of t h e  major sys tem elements  i s  m i s s i n g ,  i s  t o  p u t  
t o g e t h e r  a  breadboard sys tem based on e x i s t i n g  r e l a t e d  hardware and t r y  i t  o u t .  
S e v e r a l  of  t h e  above through- the-ear th  s y s  tems have evo lved ,  w i t h  b e n e f i c i a l  
r e s u l t s ,  from t h e  l a t t e r  approach.  Concur:rently,  some of  t h e  p r e v i o u s l y  
m i s s i n g  d e s i g n  i n f o r m a t i o n  on t r a n s m i s s i o n  l o s s  and n o i s e  h a s  been accumulated.  
T h e r e f o r e ,  i t  w i l l  now b e  p o s s i b l e  t o  b e t t e r  op t imize  each  of  t h e s e  sys tems by 
q u a n t i t a t i v e  a n a l y s i s  and comparison o f  a l t e r n a t i v e  d e s i g n s .  

No p a p e r s  e v a l u a t i n g  o r  d e s c r i b i n g  an:y of t h e  above through- the-ear th  s y s -  
tems were p r e s e n t e d  d u r i n g  t h e  Workshop. However, s e v e r a l  papers  t r e a t i n g  two 
major sys tem e l e m e n t s ,  channe l  t r a n s m i s s i o n  l o s s  and n o i s e ,  were g iven.  These 
and some p a s t  work by t h e  a t t e n d e e s  of  t h i s  working group provided t h e  b a s i s  
f o r  t h e  g r o u p ' s  f i n d i n g s  and recommendations. We grouped t h e  sys tem e lements  a s  
f o l l o w s  : 

The Source:  i t s  message, modula t ion o r  cod ing ,  t r a n s m i t t e r ,  and 
o p e r a t i n g  f requency .  

The Channel: i t s  t r a n s m i s s i o n  l o s s  f o r  each an tenna  t y p e ,  and i t s  
n o i s e  c h a r a c t e r i s t i c s .  

The Rece ive r :  i t s  p i c k  up s e n s o r ,  demodulat ion/decoding,  and 
s p e c i a l  p r o c e s s i n g  f o r  s i g n a l  t o  n o i s e  improvement. 
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These elements were then d iscussed  i n  t h e  contex t  of each of t h e  f o u r  systems 
t o  t h e  l e v e l  of d e t a i l  t h a t  was p o s s i b l e  under t h e  circumstances.  The o rde r  
of t rea tment  f o r  each system w i l l  be  Channel, Source,  and Receiver ,  which 
mainly r e f l e c t s  t h e  emphasis of t h i s  Workshop's c h a r t e r  and papers .  Progress  
made t o  d a t e  i n  t h e  Channel a r e a  should now al low more emphasis t o  b e  p laced  on 
o v e r a l l  system design and a n a l y s i s ,  thereby c a l l i n g  g r e a t e r  a t t e n t i o n  t o  t h e  
Source and Receiver a r e a s .  

I n  t h e  d i s cus s ions  below, t h a t  f o r  t h e  upl ink system is somewhat longer  than 
t h e  o t h e r s ,  because c e r t a i n  elements t h a t  have common a p p l i c a t i o n  t o  s e v e r a l  of 
t h e  systems a r e  f i r s t  in t roduced  i n  t h e  up l ink  t rea tment .  

Uplink Data System 

This s e c t i o n  t r e a t s  t h e  p r i n c i p a l  narrowband d a t a  up l ink  a p p l i c a t i o n .  The 
more d i f f i c u l t ,  less p r a c t i c a l  up l ink  vo i ce  a p p l i c a t i o n  i s  t r e a t e d  b r i e f l y  i n  
t h e  downlink vo ice  s e c t i o n .  

1. Overview 

To d a t e  t h e  combination of overburden t ransmiss ion  l o s s  and a v a i l -  
a b l e  s u r f a c e  n o i s e  d a t a  have i d e n t i f i e d  t h e  frequency band below 5 kHz as  t h e  
most f avo rab l e  f o r  p r a c t i c a l  narrow band upl ink d a t a  systems intended f o r  coa l  
mines w i th  overburden depths  of up t o  1,000 f e e t  and conduct iv i ty  of 0 = 
l om2  mho/m. Though shal lower mines al low a somewhat h ighe r  frequency l i m i t ,  
and more conduct ive ( 0  = 10-1 mho/m) o r  deeper mine overburdens demand a s i g n i -  
f i c a n t l y  lower frequency l i m i t ,  t h e  under 5 kHz l i m i t  should cover most c o a l  
mine s i t u a t i o n s .  

a .  Nominal Mines 

S igna l  t o  n o i s e  ana lyses  performed by Wes t inghouse Georesearch Labor- 
a t o r y  (WGL) suppor t  t h i s  under 5 kHz conclusion f o r  lo-' mho/m overburdens,  wh i l e  
a l s o  i d e n t i f y i n g  t h e  frequency band between 500 Hz-to-3 kHz a s  a d i s t i n c t l y  
optimum one f o r  narrowband systems. The WGL analyses  were based on W ~ ~ ~ / W G L  
t ransmiss ion  l o s s  curves f o r  loop t r a n s m i t t e r s  and broadband atmospheric no i se  
d a t a  (under 10 kHz) taken by WGL i n  Colorado. S igna l  t o  n o i s e  ana lyses  per- 
formed by Arthur  D. L i t t l e ,  I nc .  (ADL) reach a s i m i l a r  under 5 kHz o v e r a l l  
conclusion,  b u t  do n o t  r e v e a l  t h e  presence of an optimum frequency band a s  d i s -  
t i n c t  a s  t h e  one by WGL. The ADL analyses  were based on the  same t ransmiss ion  
l o s s  curves of Wait/WGL, b u t  d i f f e r e n t  broadband n o i s e  d a t a ,  namely s u r f a c e  atmos- 
p h e r i c  n o i s e  d a t a  (under 300 Hz) taken by MIT Lincoln Laboratory (LL) i n  F l o r i d a  
and e a r l y  WGL and Nat iona l  Bureau of Standards (NBS) s u r f a c e  n o i s e  d a t a  (under 
10 k ~ ~ )  taken over four  Western coa l  m,ines. The d i f f e r e n c e s  i n  t he  r e s u l t s  of 
t h e  two ana lyses ,  regarding t h e  presence o absence of a c l e a r l y  optimum f r e -  -5 quency band between 500-3000 Hz f o r  a = 10 mho/m overburdens (based on broad- 
band n o i s e  l e v e l s )  should be ea s i l y  resolved when the  l a r g e  amount of n o i s e  d a t a  
r e c e n t l y  taken over  coa l  mines by NBS soon becomes a v a i l a b l e .  However, WGL and 
NBS f i e l d  experiences  have revealed a p o t e n t i a l l y  more s e r i o u s  n o i s e  problem 
t h a t  may tend t o  favor  use of f requenc ies  between 1-5 kHz over coa l  mines, 
namely t h e  extremely s t rong  harmonics of 60 Hz and 360 Hz caused by t h e  mine 
power conversion equipment, harmonic l e v e l s  t h a t  a r e  high enough i n  some cases  
t o  i n t e r f e r e  with even narrowband systems opera t ing  between the  harmonics. 
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b .  Dee~ Mines 

For mines w i t h  overburdens deeper  than  1,000 f e e t  (such a s  hardrock mines) 
o r  c o n d u c t i v i t i e s  g r e a t e r  than  loe2  mho/m, i t  is  gene ra l l y  agreed t h a t  ope ra t i ng  
f requenc ies  w i l l  d e f i n i t e l y  b e  fo r ced  downward t o  perhaps 500 Hz o r  100 Hz. I n  
some extremely deep hardrock mines t h a t  approach 10,000 f e e t ,  l a v e r  f r equenc i e s  
y e t  may be  needed i f  d i r e c t  t ransmiss ion  t o  t h e  s u r f a c e  is  r equ i r ed .  The favor-  
a b l e  downlink s i g n a l  t ransmiss ion  t e s t  r e s u l t s  t o  depths  of  11,000 f e e t  achiev-  
ed wi th  under 100 w a t t s  by Sandia  Labo ra to r i e s ,  us ing Develco, Inc .  equipment a t  
f requenc ies  below 20 Hz, should b e  c a r e f u l l y  eva lua t ed  and e x p l o i t e d  i f  such 
depths  become impor tan t  t o  t h e  Bureau. However, i t  should b e  kep t  i n  mind t h a t  
such a downlink t ransmiss ion  test  has  t h e  advantages of power and l a r g e  antenna 
s i z e  on t h e  s u r f a c e ,  and a r e l a t i v e l y  n o i s e  f r e e  underground r e c e i v e r ,  which i s  
t h e  converse of t h e  mine up l ink  problem. 

c .  Equipment 

An exper imenta l  p ro to type  up l ink  d a t a  moni tor ing system has  been b u i l t  by 
WGL f o r  t h e  Bureau. It ope ra t e s  a t  designat:ed f r equenc i e s  between 3-5 kHz, 
u t i l i z e s  PM/FSK modulation, a loop t r ansmi t . t e r  an tenna ,  and is p r e s e n t l y  i n -  
s t a l l e d  i n  t h e  ~ u r e a u ' s  exper imenta l  mine i n  Bruceton, Pa. S imi l a r  exper imenta l  
equipment t h a t  i l l u s t r a t e s  t h e  f e a s i b i l i t y  of up l i nk  d a t a  t ransmiss ion ,  even 
wi th  l i m i t e d  a v a i l a b l e  power, has  a l s o  been b u i l t  by WGL f o r  miner l o c a t i o n  
a p p l i c a t i o n s .  An example is  t h e  keyed CW e lec t romagnet ic  t r a n s m i t t e r  f o r  miner 
l o c a t i o n  which u t i l i z e s  a one t u r n ,  360 f o o t  per iphery  loop and t h e  miner ' s  
4-volt cap lamp b a t t e r y  t o  gene ra t e  a magnetic moment of about 2,000 ampere- 
meters2- a t  2 kHz. Detec t ion  ranges  i n  excess  of 1,000 f e e t  have been ob ta ined  
a t  s e v e r a l  mine si tes us ing  t h i s  and s i m i l a r  u n i t s ,  a s  r epo r t ed  dur ing  t h i s  
Workshop. I; should b e  noted t h a t  t h e  approximately 80 f o o t  overburden a t  t h e  
USBM exper imenta l  mine i s  n o t  considered by t h e  Bureau a s  be ing  t y p i c a l  of t h a t  
found over ope ra t i ng  mines. 

A mul t ichanne l  up l i nk  d a t a  system of p r a . c t i c a1  des ign  s u i t e d  f o r  i n s t a l l a -  
t i o n  and test i n  an ope ra t i ng  c o a l  mine w i t h  up t o  1,000 f e e t  of overburden 
w i l l  soon b e  needed. The b a s i c  moni tor ing requirements  of t h e  in-mine s t a t i o n  
a r e  now be ing  formulated,  s o  t h a t  an  ove ra l l  up l ink  d a t a  communication system 
can then  b e  designed and opt imized f o r  t h e  ope ra t i ng  cond i t i ons  of t h i s  mine. 

2. The Channel-Transmission Loss 

Uplink communications t o  d a t e  have p r imar i l y  u t i l i z e d  loop sou rce  antennas 
of v e r t i c a l l y  o r i e n t e d  magnetic moment. These have cons i s t ed  t y p i c a l l y  of one 
t u r n  loops (up t o  500 f o o t  per iphery)  wrapped around one o r  two c o a l  p i l l a r s ;  
and l e s s  f r e q u e n t l y  a s m a l l e r  one t u r n  loop (up t o  100 f o o t  pe r iphe ry )  p laced  
i n  an e n t r y .  Such loops have been p r e f e r r e d  over  long w i r e  antennas f o r  in -  
mine i n s t a l l a t i o n s  because of  t h e i r  lower i n p u t  r e s i s t a n c e ,  f i xed  impedance 
c h a r a c t e r i s t i c s  over  t ime,  and convenience of i n s t a l l a t i o n  and maintenance i n  
t h e  adverse  mine environment. The p r i m a r i l y  v e r t i c a l  magnetic f i e l d s  produced 
by v e r t i c a l  a x i s  loops can a l s o  o f f e r  a s i g n a l  t o  n o i s e  advantage on t h e  su r -  
f a c e  i n  some c a s e s ,  depending on t h e  sou rce s  of t h e  n o i s e ,  i .e .  n a t u r a l  o r  man- 
made. 
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The t h e o r e t i c a l  r e s u l t s  of W a i t  and ITS, regarding the  f i e l d  s t r e n g t h s  
expected on t h e  s u r f a c e  from i n f i n i t e s i m a l  loops of moment NIA placed i n  homo- 
genous and layered  conducting overburdens, are w e l l  e s t ab l i shed  and have been 
found t o  be  i n  good agreement wi th  experimental  da t a  obtained by WGL and Color- 
ado School of Mines (CSM) a t  s e v e r a l  mine s i t e s .  For t h e  l a r g e  overburden 
depths of i n t e r e s t  and s i z e s  of corresponding loops requi red ,  t he  s impl i fy ing  
i n f i n i t e s i m a l  loop assumptions apply. Furthermore it has been shown by Wait 
and ITS t h a t  t y p i c a l  conducting o b s t a c l e s ,  such as  p ipes ,  and inhomogeneities 
found i n  t h e  t ransmission path t o  t h e  s u r f a c e  should produce only s m a l l  e f f e c t s  
on t h e  r e s u l t a n t  magnetic f i e l d  seen a t  t h e  s u r f a c e  f o r  t he  under 5 kHz band 
of i n t e r e s t .  WGL and ITS have a l s o  shown t h a t  t h e  e f f e c t s  of s u r f a c e  topo- 
graphy on t h e  r e s u l t a n t  s u r f a c e  f i e l d  a r e  a l s o  smal l .  Consequently t hese  
e f f e c t s  can l a r g e l y  b e  ignored f o r  communications a p p l i c a t i o n s ,  a s  opposed t o  
l o c a t i o n  app l i ca t ions  where some of the  e f f e c t s  can t ake  on g r e a t e r  importance 
i n  some cases .  

Therefore i t  was concluded t h a t  no new t h e o r e t i c a l  de r iva t ions  were 
requi red  on upl ink  t ransmission l o s s  f o r  loop t r a n s m i t t e r s ;  bu t  t h a t  appropr ia te  
curves,  t a b l e s ,  nomographs, e t c . ,  based on t h e  a v a i l a b l e  t h e o r e t i c a l  r e s u l t s  
should b e  prepared,  as an a i d  t o  upl ink  systems designers  who d e s i r e  t o  apply 
the  theory t o  t y p i c a l  mine overburdens. Included i n  t hese  design a i d s  should 
b e  curves t h a t  show t h e  a d d i t i o n a l  amount of s i g n a l  l o s s  s u f f e r e d  a s  t h e  ho r i -  
zon ta l  displacement between s u r f a c e  and in-mine loops is  increased .  This w i l l  
h e l p  determine t h e  s u r f a c e  coverage ob ta inab le  from a s i n g l e  in-mine loop. 

b .  P a r a s i t i c  S t ruc tu re s  

A l l  of t h e  above r e s u l t s  apply f o r  cases  i n  which no l a r g e  closed loops 
of w i r e ,  cab le ,  o r  steel roof mesh a r e  c lo se  enough t o  t h F f i n i t e ,  r e l a t i v e l y  
l a r g e ,  in-mine t r a n s m i t t e r  loops t o  al low s i g n i f i c a n t  c u r r e n t s  t o  b e  induced 
i n  t h e s e  p a r a s i t i c  s t r u c t u r e s ,  which i n  t u r n  might reduce the  e f f e c t i v e  s t r e n g t h  
o r  f i e l d  of t h e  t ransmi t  loops. The l i ke l ihood  of encounter ing p a r a s i t i c  s t r u c t u r e s  
on working s e c t i o n s  i s  high,  bu t  t h e  degree t o  which they  could adverse ly  
a f f e c t  system performance, has  not  been a sce r t a ined .  Since t h i s  may be  a poten- 
t i a l  problem t o  both  the  upl ink  d a t a  system and the  c a l l  a l e r t  page system t o  
b e  discussed below, t h e  p r a c t i c a l  i n f luence  of such s t r u c t u r e s  needs t o  be  
assessed .  However, u n t i l  t h a t  i s  done, upl ink o r  c a l l  a l e r t  system t ransmi t  
loops should b e  i n s t a l l e d  away from such s t r u c t u r e s  a s  steel roof mesh, t r o l l e y  
l i n e s ,  and probably power cab le s ,  s i n c e  t h e  e f f e c t s  of t h e i r  presence w i l l  de- 
c r ease  wi th  i n c r e a s i n g  sepa ra t ion .  

c. Grounded Wires 

L a s t l y ,  should the re  be a renewed i n t e r e s t  i n  comparing the  performance 
of a loop source  upl ink  system with t h a t  f o r  a grounded f i n i t e  s t r a i g h t  w i r e  
source t h a t  u t i l i z e s  a wi re  terminated by a roof b o l t  ground rod a t  each end, 
ITS has  derived expressions and curves f o r  t he  magnetic f i e l d  produced on the  
su r f ace  by such a bur ied  f i n i t e  wi re  source.  The r e s u l t s  apply t o  the  case  
of t h e  wire  i n c l i n e d  a t  an a r b i t r a r y  tilt angle  t o  t h e  h o r i z o n t a l  i n  a hmo- 
geneous overburden. They show t h a t  smal l  tilt angles  made by the  wire  wi th  a 
f l a t  o r  h i l l y  s u r f a c e  do n o t  in f luence  the  magnitude of t h e  s u r f a c e  f i e l d .  
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3. The Channel-Noise 

a .  P a s t  Data 

Up u n t i l  t h i s  y e a r  very l i t t l e  good n o i s e  d a t a  p e r t i n e n t  t o  c o a l  mine 
environments,  underground o r  on t h e  s u r f a c e ,  were a v a i l a b l e  f o r  making compre- 
hens ive  systems ana ly se s  o r  op t imiz ing  up1in:k o r  downlink system des igns .  With 
r e s p e c t  t o  n o i s e  l e v e l s  on t h e  s u r f a c e ,  t h e  ELF n o i s e  measurements made by 
Linco ln  Laboratory f o r  t h e  Navy were t h e  most u s e f u l  below 300 Hz, even though 
no t  t aken  over  c o a l  mines, b u t  i n  F l o r i d a  and o t h e r  p a r t s  of t h e  world.  B e t -  
ween 300 Hz and 5 kHz t h e  s u r f a c e  n o i s e  d a t a  were even more s p a r s e ,  c o n s i s t i n g  
of l i m i t e d  atmospheric  n o i s e  measurements taken by WGL i n  Colorado, and l i m i t e d  
n o i s e  measurements conducted by NBS and WGL a t  a few c o a l  mines,  

These s u r f a c e  d a t a  were n o t  considereld adequate ,  because i t  was sus -  
pec ted  t h a t  t h e  predominant sources  of bo th  broadband and d i s c r e t e  frequency 
n o i s e  on t h e  s u r f a c e  over  c o a l  mines would b e  man-made, s i n c e  mines were such 
l a r g e  power consumers and/or  l o c a t e d  n e a r  i n d u s t r i a l i z e d  a r e a s .  Though broad- 
band atmospheric  n o i s e  would probably p l ay  am impor tan t  r o l e ,  broadband n o i s e  
l e v e l s  produced on t h e  s u r f a c e  by t h e  mine equipment, and by poor ly  maintained 
r u r a l  h igh  v o l t a g e  power l i n e s ,  were viewed as having a p o t e n t i a l l y  g r e a t e r  i n -  
f l uence  a t  a l o c a l  mine s i t e ,  excep t  i n  t h e  case  of l o c a l  thunderstorms. More 
impor t an t l y ,  even less d a t a  were a v a i l a b l e  oma t h e  in-mine n o i s e  environment 
f o r  t h e  des ign  of downlink and in-mine systems. 

b .  NBS Mine Noise Measurements 

The re fo re ,  dur ing  t h i s  p a s t  y e a r ,  NBS conducted a major n o i s e  measure- 
ment e f f o r t  f o r  t h e  Bureau of Mines i n  an a t tempt  t o  c h a r a c t e r i z e  i n  a p r a c t i c a l  
manner t h e  e l ec t romagne t i c  n o i s e  environment i n  and above s e v e r a l  " represen ta -  
t i v e "  c o a l  mines. Data h a s  been taken  a t  a 600 v o l t  a l l  DC c o a l  mine; a c o a l  
mine w i th  300 VDC r a i l  hau lage  and s h u t t l e  c a r s ,  and AC f a c e  machinery and 
b e l t  hau lage ;  a 300 v o l t  DC longwal l  mine w i th  AC hau lage ;  and a hardrock  AC 
mine w i th  d i e s e l  haulage.  The measurments encompass ope ra t i ng  and q u i e t  con- 
d i t i o n s  f o r  d i f f e r e n t  machines, l o c a t i o n s ,  power c e n t e r s  and boreholes  , i n  work- 
i n g  s e c t i o n s ,  haulageways and on t h e  s u r f a c e .  Some of t h e s e  n o i s e  d a t a  have 
a l r e a d y  been processed  and made a v a i l a b l e ,  w i th  t h e  remainder t o  become a v a i l -  
a b l e  w i t h i n  t h e  nex t  s i x  months. 

In-mine measurements have inc luded  wideband record ings  from 100 Hz 
t o  300 kHz of t h r e e  magnetic f i e l d  components, and of  vo l t ages  on te lephone  l i n e s ,  
t r o l l e y  l i n e s ,  and roof b o l t s ;  from which n o i s e  power s p e c t r a  a r e  be ing  genera ted .  
I n  a d d i t i o n ,  narrowband ( 2 kHz) s p o t  frequency record ings  were made a t  e i g h t  f r e -  
quencies  cover ing  t h e  10 kHz t o  32 MHz band, of t h r e e  magnetic f i e l d  components; 
from which n o i s e  ampli tude p r o b a b i l i t y  d i s  tryibutions (APD ' s )  a r e  be ing  genera ted .  
On t h e  s u r f a c e ,  on ly  t h e  components of magnetic f i e l d  a r e  r equ i r ed ,  b u t  over  a 
more r e s t r i c t e d  frequency range ,  because of t h e  lower f r equenc i e s  r equ i r ed  f o r  
up l i nk  systems.  The s u r f  a ce  wideband record:Lngs f o r  gene ra t i ng  s p e c t r a  cover  
100 Hz t o  10 kHz, wh i l e  t h e  narrowband s p o t  frequency record ings  f o r  gene ra t i ng  
APD's cover  f o u r  f r equenc i e s  i n  t h e  10 kHz t o  150 kHz band. 

The pre l iminary  r e s u l t s  now a v a i l a b l e  from t h e s e  NBS n o i s e  measurements 
i n d i c a t e  t h a t  h igh  l e v e l s  of d i s c r e t e  frequency n o i s e  a t  harmonics of 60 Hz 
and 360 Hz gredominate over broadband spectrum l e v e l s  below about  10  kHz, both  i n  
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t h e  mine and on t h e  s u r f a c e ,  wi th  t h e  broadband n o i s e  predominating above about 
15 kHz, and t h e  l e v e l s  of bo th  no i se  types decreas ing  wi th  i nc reas ing  frequency. 
Furthermore, t h e  d i s c r e t e  frequency s u r f a c e  no i se  l e v e l s  a r e  h igh ly  c o r r e l a t e d  
wi th  in-mine l e v e l s  below about 7 kHz, t h e  degree of c o r r e l a t i o n  f a l l i n g  of f  
r a p i d l y  above 7 kHz. Noise l e v e l s  a l s o  have a s t r o n g  dependence on d i s t a n c e  
from power c a b l e s ,  and can vary over dynamic ranges i n  excess of 60 dB. 

c .  Whis t le r  and Geomagnetic Data 

A r e p r e s e n t a t i v e  from Develco, Inc .  s t a t e d  t h a t  "mountains" of a tmospheric  
n o i s e  d a t a  had been taken some yea r s  ago i n  t h e  1-30 kHz frequency band by 
S tanford  Research I n s t i t u t e  wi th  regard t o  i t s  w h i s t l e r  work. Though some of 
t h i s  d a t a  might pos s ib ly  b e  u s e f u l  f o r  t h e  under 5 kHz band of i n t e r e s t ,  h e  
was a l s o  of t h e  opinion t h a t  t h e  d a t a  had not  been analyzed i n  a form convenient 
t o  t h e  up l ink  a p p l i c a t i o n ,  and t h a t  i n  any ca se ,  access  t o  and subsequent under- 
s t and ing  of t h i s  o l d  d a t a  might involve much more d i f f i c u l t y  than any p o t e n t i a l  
b e n e f i t s  would j u s t i f y  . 

A r e p r e s e n t a t i v e  from Univers i ty  of A lbe r t a  claimed t h e  presence of a 
minimum i n  t h e  geomagnetic n o i s e  spectrum between 0.2-8 Hz, wi th  5 Hz perhaps 
be ing  t h e  most f avo rab l e  frequency. Though t h e r e  was some unce r t a in ty  regard- * 
i n g  t h e  l e v e l  of t h i s  no i se  minimum among t h e  Workshop p a r t i c i p a n t s ,  t h i s  c la im 
should b e  checked o u t ,  s i n c e  i t  might b e  worth cons ider ing  f o r  very  deep mines. 
A book by Campbell and Matsushi ta  was given a s  a r e f e r ence .  

d .  Data U t i l i z a t i o n  

It was concluded t h a t  t h e  NBS n o i s e  d a t a  taken t o  d a t e  a t  s i x  c o a l  mines 
and one hard  rock mine, t oge the r  wi th  t he  planned NBS measurements a t  an a l l  
AC c o a l  mine and another  hard  rock mine ,when added t o  p a s t  atmospheric n o i s e  
d a t a  taken below 10 kHz, should provide a s u b s t a n t i a l  d a t a  base  from which 
t h e  des ign  and op t imiza t ion  of mine communications systems can proceed i n  an 
o rde r ly  manner. Therefore ,  i t  was concluded t h a t  no new n o i s e  measurements 
over  and above t h a t  a l ready  planned by NBS were requi red  a t  t h i s  t i m e .  

I n  t h e  under 5 kHz frequency band p re sen t ly  of i n t e r e s t  t o  upl ink d a t a  
systems n o i s e ,  power s p e c t r a  and dubs of s e l e c t e d  NBS t ape  recordings of t h e  
s u r f a c e  n o i s e  w i l l  b e  made a v a i l a b l e  t o  system des igners .  Sur face  d a t a  up t o  
10 kHz w i l l  a l s o  b e  a v a i l a b l e  i f  needed. The upl ink  system des igners  w i l l  
need d a t a  on t h e  l e v e l s  of bo th  d i s c r e t e  frequency and broadband n o i s e  com- 
ponents : broadband spectrum l e v e l s  (and amplitude s t a t i s t i c s  i f  pos s ib l e )  f o r  
opt imizing t h e  coding, modulation, and r e c e i v e r  process ing  f o r  narrowband d a t a  
up l ink ;  and d i s c r e t e  component l e v e l s  f o r  e s t ima t ing  l i k e l y  l e v e l s  of out-of-band 
i n t e r f e r e n c e ,  and ways t o  combat them by choice of ope ra t i ng  f requenc ies  andfor  
r e c e i v e r  s i g n a l  p rocess ing  techniques.  

To b e t t e r  e s t ima te  t he se  no i se  l e v e l s ,  p a r t i c u l a r l y  t he  broadband n o i s e  
l e v e l s  between d i s c r e t e  harmonic components, i t  was recommended t h a t  NBS pro- 
v ide  expanded frequency s c a l e  s p e c t r a ,  covering only t he  0-5 kHz band p e r  
spectrum p l o t ,  a s  opposed t o  t h e  more compressed p l o t s  p r e sen t ly  be ing  pre- 
pared. Spec t ra  f o r  v e r t i c a l  and h o r i z o n t a l  magnetic f i e l d  components on t h e  
s u r f a c e  under bo th  o p e r a t i o n a l  and "quie te r"  emergency condi t ions  w i l l  b e  re-  
qu i red .  Note: t h e s e  0-5 kHz expanded s p e c t r a  w i l l  b e  requi red  no t  only f o r  
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t h e  s u r f a c e  n o i s e  d a t a ,  b u t  a l s o  f o r  t h e  underground d a t a  f o r  use  i n  t h e  des ign  
of c a l l - a l e r t  and baseband-voice -downlink communications f o r  mine s e c t i o n s  . 
Though n o t  d i scussed  i n  t h e  working group, ampli tude s t a t i s t i c s  f o r  t h e  broad- 
band l e v e l s  between harmonics may a l s o  b e  r equ i r ed .  

For deep mine a p p l i c a t i o n s  t h a t  may r e q u i r e  ope ra t i ng  f requenc ies  i n  t h e  
v i c i n i t y  of 100 Hz and below, t h e  p r e s e n t  NBS mine n o i s e  d a t a  down t o  100 Hz 
and t h e  LL atmospheric  n o i s e  d a t a  down t o  about 3  Hz may b e  adequate  f o r  desi,gn- 
i n g  such systems.  The need f o r  a d d i t i o n a l  n o i s e  measurements a t  t h e s e  low f r e -  
quencies  should  b e  c a r e f u l l y  eva lua ted  and j u s t i f i e d  b e f o r e  embarking on such 
a  measurement program, because of t h e  i nc r ea sed  measurement d i f f i c u l t i e s  en- 
countered a t  t h e s e  f r equenc i e s .  

4. The Source - Message, Coding, Modulation, Operat ing Frequency. 

The group agreed t h a t  f i r m  conclusions regard ing  p r e f e r r e d  techniques  f o r  
coding,  modulat ion,  and ope ra t i ng  frequency f o r  a  d a t a  up l ink  w e r e  premature ,  
and could only b e  reached a f t e r  a  d e t a i l e d  o v e r a l l  systems a n a l y s i s .  Such an 
a n a l y s i s  would need t o  cons ider  such t h ings  a s  t h e  a c t u a l  d a t a  message r equ i r e -  
ments,  t h e  bandwidth and power a v a i l a b l e ,  t h e  t ransmiss ion  l o s s ,  c h a r a c t e r i s  t i c s  
of t h e  n o i s e ,  e t c .  Though t h e  frequency band between 1-5 kHz i s  c u r r e n t l y  favor-  
ed ,  based on p a s t  n o i s e  d a t a ,  even t h i s  should  be  re-evaluated i n  t h e  l i g h t  of 
t h e  new and more comprehensive NBS mine n o i s e  d a t a .  

The p r e s e n t  WGL t r a n s m i t t e r s  used f o r  miner l o c a t i o n  u t i l i z e  a  CW s i g n a l  
t h a t  i s  simply keyed on and o f f  w i th  a  t e n  t o  one duty c y c l e ,  t o  keep i t  s imp le ,  
conserve cap lamp b a t t e r y  l i f e ,  and t o  h e l p  d i s t i n g u i s h  i t  from ad j acen t  power 
l i n e  harmonics.  Operat ing f r equenc i e s  a r e  l oca t ed  between t h e  harmonics of 
60 Hz i n  t h e  1-3 kHz band. The p r e s e n t  WGL up l ink  d a t a  system i n s t a l l e d  i n  t h e  
Bureau's exper imenta l  mine u t i l i z e s  PCM/FSK t o  t r a n s m i t  t h e  monitored d a t a ,  and 
ope ra t e s  a t  s e l e c t  channel  f requenc ies  i n  t h e  3400 t o  4500 Hz band, a l s o  p laced  
between 60 Hz harmonics.  The l o c a t i o n  t r a n s m i t t e r  i s  descr ibed  i n  a  Workshop 
paper ,  whereas t h e  p r e s e n t  exper imenta l  up l ink  d a t a  system i s  descr ibed  i n  WGL 
r e p o r t s .  The s p e c i f i c  r e s u l t s  ob ta ined  w i th  t h e s e  systems should  b e  reviewed 
a s  an a i d  t o  f u t u r e  des igns .  

A s  mentioned e a r l i e r ,  t h e  d a t a  requirements  and subsequent  s y s  t e m s  des ign  
have n o t  y e t  been formulated f o r  t h e  up l i nk  d a t a  system t h a t  w i l l  soon b e  develop- 
ed f o r  i n s t a l l a t i o n  i n  an ope ra t i ng  mine. This  system des ign  should  b e n e f i t  from 
t h e  a d d i t i o n a l  n o i s e  d a t a  and f i e l d  exper ience  now a v a i l a b l e .  

5 .  The Receiver  - Sensor ,  ~ e m o d u l a t i o n / ~ e c o d i n g ,  S p e c i a l  Process ing  

A s  f o r  t h e  sou rce ,  f i r m  o v e r a l l  conclusions could n o t  b e  reached,  b u t  
s e v e r a l  sugges t i ons  were made. An e l e c t r o s t a t i c a l l y  s h i e l d e d  and ba lanced  a i r  
core  loop was recommended a s  a  s enso r .  Notch f i l t e r s  were sugges ted  t o  reduce 
i n t e r f e r e n c e  from s t r o n g  harmonics ad j acen t  t o  t h e  channel  f requency.  

The p r e s e n t  WGL l o c a t i o n  r e c e i v e r  u t i l i z e s  s e v e r a l  s t a g e s  of bandpass 
f i l t e r i n g  t o  o b t a i n  a  r e s u l t a n t  bandwidth of 6 Hz. Notches a s  descr ibed  above 
appa ran t l y  have n o t  y e t  been r equ i r ed  a t  t h e  mine s i t e s  v i s i t e d  t o  d a t e .  The 
p re sen t  WGL up l ink  d a t a  system u t i l i z e s  a  phase-locked-loop FSK d e t e c t o r  p r i o r  
t o  decoding. Nei ther  system was d i scussed .  
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L a s t l y ,  MIT Lincoln Laboratory (LL) has  done ex tens ive  s i g n a l  design 
,md non-l inear  r e c e i v e r  process ing  work aimed a t  opt imizing ELF secu re  narrow-- 
.:and d a t a  communications ( f o r  t h e  Navy Sanguine program) i n  t h e  f a c e  of h igh ly  
impulsive ELF atmospheric  n o i s e ,  and occas iona l  d i s c r e t e  power l i n e  components. 
Keductions i n  r equ i r ed  s i g n a l  power of 10-20 dB have been r epo r t ed ,  depending 
u n  t h e  l e v e l  of man-made d i s c r e t e  frequency i n t e r f e r e n c e ,  which apparen t ly  makes 
r h e  techniques l e s s  e f f e c t i v e .  LL has  been coopera t ive  i n  t h e  p a s t  by making 
I t s  n o i s e  d a t a  and sinstrumentation in format ion  a v a i l a b l e  t o  t he  Bureau and i t s  
c o n t r a c t o r s ;  and by r e c e n t l y  o f f e r i n g  sugges t ions  regarding computer s imu la t i on  
of r e c e i v e r  design con f igu ra t i ons  f o r  t e s t i n g  performance i n  t h e  presence of 
environmental no i se .  This  work should b e  reviewed t o  s e e  i f  i t  can b e  appl ied  
t o  t h e  mine p rob lemZin  a p r a c t i c a l  and economic manner, p a r t i c u l a r l y  i n  those  
cases  where t r a n s m i t t e r  power is  a t  a premium and t h e  n o i s e  environment s eve re .  
This  work has  r e c e n t l y  been repor ted  i n  t h e  open l i t e r a t u r e ,  and more ex tens ive-  
l y  i n  LL Technica l  Reports which a r e  a v a i l a b l e  from LL. 

Downlink Voice Sys tem 

1. Overview 

a .  Experience t o  Date 

The o b j e c t i v e  of a downlink emergency voice  system is t o  provide cover- 
age of a s  l a r g e  an a r e a  as p o s s i b l e  t o  mobile miners during an emergency, i n  
mines w i th  nominal overburden c h a r a c t e r i s t i c s  of conduct iv i ty  a = 10-2 mho/rn 
and depths  t o  1,000 f e e t ;  and t o  do t h i s  w i th  a s  few antennas on t h e  s u r f a c e  
a s  p o s s i b l e  w i t h i n  p r a c t i c a l  l i m i t s .  Th is  being the  case ,  t h e  overburden t r ans -  
mission l o s s ,  t h e  "quiet-mine" n o i s e  d a t a  a v a i l a b l e  t o  d a t e ,  and t h e  g r e a t e r  
space and power a v a i l a b l e  on t h e  s u r f a c e ,  have favored d i r e c t  t ransmiss ion  of 
500-3,000 Hz baseband vo ice  s i g n a l s  by means of grounded long w i r e  antennas on 
t h e  s u r f a c e .  Under r e l a t i v e l y  "quiet"  emergency cond i t i ons ,  t h e  p re sen t  system 
designed by WGL wi th  a t r a n s m i t t e r  capac i ty  o f  200 w a t t s ,  has  s u c c e s s f u l l y  t r a n s -  
mi t t ed  i n t e l l i g i b l e  vo ice  messages t o  miners car ry ing  s imple manpack r e c e i v e r s  
t o  depths of about 1,000 f e e t .  Mine overburdens of low conduct iv i ty  w i l l  of 
course extend t h i s  usab le  range ,  wh i l e  deeper o r  more conductive overburdens 
w i l l  qu ick ly  d e t e r i o r a t e  performance o r  r e q u i r e  s i g n i f i c a n t l y  more power. 

The success  experienced under emergency condi t ions  l e d  t o  specu la t i on  
t h a t  such a downlink voice  system could have some b e n e f i c i a l  ope ra t i ona l  appl ica-  
t i o n s  a s  w e l l ,  i f  t h e  s u r f a c e  t r a n s m i t t e r  power and manpack r e c e i v e r  process ing  
demands d i d  n o t  become excess ive .  However system performance was discovered 
t o  b e  even more d rama t i ca l l y  a f f e c t e d  by t h e  in-mine o p e r a t i o n a l  n o i s e  environ- 
ment than by t h e  depth and conduct iv i ty .  Namely, t h e  no i se  l e v e l s  s eve re ly  de- 
t e r i o r a t e d  message i n t e l l i g i b i l i t y  and usable  range,  demanding g r e a t l y  i nc reas -  
ed power t o  maintain performance. This  behavior  Is p red i c t ed  by system ana lyses  
by both ADL and WGL, us ing  e a r l y  NBS and WGL in-mine n o i s e  d a t a ,  and has  been 
confirmed s e v e r a l  t imes i n  ope ra t i ng  mines by WGL. The d e t e r i o r a t i o n  occurs  
mainly because of t h e  high l e v e l s  r ) f  60 Hz and 360 Hz  harmonic^ produced by t h e  
mine machine rq and DC p3we.,- cc1nve:r:; i on  ttqtiip-nen t , ant1 l e s s  o f  t e n  by t.he broadband 
impulsiT7rz rllsisr! -1ear a r c i n g  t r o l l e y s  , 2-eve]-:; t h a t  can va;yr 1-1ver a dynamic range 
i n  e r c e s s  of 60 33 depending on locat ic>n and machj-nery opt.-rzting cyc l e s .  R-r 
app1;;ing simp1.c: -oz rec t ive  measures :such 5s varying t h e  o r i e n t a t i o n  of t he  Tan- 
pack r e  z e i - ~ e r  antenna f o r  minimum no:isri p i  clcmp , which can b z an o p e r a t i o n a l  $-ncon- 
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venience ,  and by s eve re ly  a t t e n u a t i n g  t h e  l a r g e  360 Hz harmonic component by 
f i l t e r i n g  i n  t h e  manpack r e c e i v e r ,  WGL was a b l e  t o  o b t a i n  some improvement 
i n  performance; bu t  n o t  enough t o  make i t  a  dependable and p r a c t i c a l  system 
under mine o p e r a t i o n a l  cond i t i ons .  

b  . Future  Developments 

The above exper ience  under o p e r a t i o n a l  cond i t i ons ,  when combined w i th  t h e  
problems a s s o c i a t e d  w i t h  ga in ing  s u r f a c e  access  r i g h t s  over  advancing c o a l  mine 
s e c t i o n s  ( f o r  t h e  i n s t a l l a t i o n  of long w i r e  an tennas ,  perhaps s e v e r a l  thousand 
f e e t  i n  l e n g t h ,  o r  s m a l l e r  l oops ,  which have t o  be  moved more o f t en )  make i t  
very  u n l i k e l y  t h a t  t h e  permanent s u r f a c e  i n s t a l l a t i o n s  r equ i r ed  f o r  o p e r a t i o n a l  
a p p l i c a t i o n s  w i l l  b e  a  p r a c t i c a l  p o s s i b i l f t y  i n  t h e  n e a r  f u t u r e .  Thus i n  t h e  
nea r  term,  downlink vo i ce  w i l l  remain an emergency cond i t i on  mobile system; 
thereby keeping t h e  communication problem c l o s e r  t o  t h e  one o r i g i n a l l y  t r e a t e d  
by WGL, b u t  w i t h  some added f e a t u r e s .  

The emphasis f o r  f u t u r e  e f f o r t s  on t h i s  system should probably b e  i n  t h e  
development of a  r e l i a b l e ,  compact, dua l  purpose r e c e i v e r  t o  b e  c a r r i e d  by a  
miner ,  p r e f e r a b l y  i n t e g r a t e d  i n t o  h i s  helmet and opera ted  from t h e  cap lamp 
b a t t e r y ,  a s  de sc r ibed  by H .  Parkinson i n  h i s  paper .  It  w i l l  f unc t i on  a s  a  
downlink baseband v o i c e  r e c e i v e r  under emergency c o n d i t i o n s ,  and a s  a  c a l l  a l e r t  
page r e c e i v e r  under o p e r a t i o n a l  cond i t i ons  f o r  key mining personne l ,  a s  mention- 
ed i n  Sec t i on  11. Though t h e  p r e s e n t  s u r f a c e  t r a n s m i t t e r  i s  appa ren t l y  adequate  
t o  handle  s e v e r a l  emergency c o n d i t i o n s ,  i t :  t oo  w i l l  probably need t o  b e  rede- 
s igned  and opt imized:  f o r  t r u l y  mobile u t i . l i z a t i o n  i n  t h e  s ense  of be ing  e a s i l y  
t r a n s p o r t a b l e  by backpack o r  h e l i c o p t e r  t o  t h e  d e s i r e d  s p o t s  above t h e  mine; f o r  
c o m p a t i b i l i t y  w i t h  t h e  new dua l  purpose miner c a r r i e d  r e c e i v e r s  t o  b e  developed; 
and f o r  t h e  mine emergency n o i s e  cond i t i ons  l i k e l y  t o  be p r e v a i l i n g .  S ince  t h e  
downlink vo i ce  t r a n s m i t t e r  w i l l  have t o  be! t r a n s p o r t e d  t o  and i n s t a l l e d  a t  se-  
l e c t e d  l o c a t i o n s  above t h e  mine a f t e r  an emergency h a s  occur red ,  t h e  mine o r  
s e c t i o n  of i n t e r e s t  w i l l  most l i k e l y  b e  i n  a  n e a r l y  power-down n o i s e  cond i t i on  
w i th  only e s s e n t i a l  ,lower-powered , e l e c t r i c a l  equipment such a s  pumps, f a n s ,  e t  c .  
i n  ope ra t i on .  

Deep Mines 

The above a p p l i e s  t o  t h e  nominal c o a l  mine cond i t i ons  s p e c i f i e d .  The 
deep hardrock  mine s i t u a t i o n  i s  a  v a s t l y  more d i f f i c u l t  one a s  descr ibed  i n  
t h e  up l i nk  s e c t i o n ,  r e q u i r i n g  f requenc ies  down t o  500 Hz and pos s ib ly  100 Hz 
and below even f o r  narrowband d a t a  app l i ca . t i ons .  Therefore ,  un l e s s  p r a c t i c a l  
and economical techniques  f o r  d r ama t i ca l l y  compressing t h e  bandwidth r e q u i r e d  
f o r  i n t e l l i g i b l e  vo i ce  t ransmiss ion  become a v a i l a b l e ,  downlink vo i ce  t o  deep 
mines on t h e  o r d e r  of 10,000 f e e t  w i l l  no t  b e  p r a c t i c a l l y  f e a s i b l e  under any 
n o i s e  cond i t i ons .  
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The Channel-Transmission Loss 

a .  Lone Wire Antennas 

Downlink communications t o  d a t e  have p r imar i l y  u t i l i z e d  grounded, h o r i -  
z o n t a l  long wi re  source  antennas on t h e  s u r f a c e ,  which r epo r t ed ly  g ive  good 
coverage i n  t h e  mine t o  a s t r i p  of width about equa l  t o  t h e  depth of t h e  mine 
under t h e  w i r e ,  and sometimes wider ,  depending on t h e  depth and a v a i l a b l e  t r ans -  
m i t t e r  power. Antenna l eng ths  have t y p i c a l l y  ranged from a low of about 1,500 
f e e t  up t o  g r e a t e r  than  a mi l e ,  WGL f i e l d  experience i n d i c a t i n g  t h a t  a l ength  
g r e a t e r  than about t h r e e  t imes t he  mine depth be ing  adequate t o  assume i n f i n i t e -  
l y  long wi re  behavior  f o r  t h e  t ransmiss ion  l o s s .  I n  t h e  mine, the  w i r e ' s  mag- 
n e t i c  f i e l d  is  p r imar i l y  h o r i z o n t a l ,  w i th  a gradua l ly  i nc reas ing  v e r t i c a l  com- 
ponent a s  one moves away from t h e  w i r e  i n  a perpendicu la r  d i r e c t i o n ;  a s  opposed 
t o  t h e  f i e l d  of a s u r f a c e  loop which has  p r imar i l y  a v e r t i c a l  component. I n  
t hose  cases  where t h e  p o s i t i o n  of t h e  miner o r  communication s t a t i o n  i s  r e l a -  
t i v e l y  w e l l  known and f i x e d ,  a l a r g e  one t u r n  loop,  l i k e  t h a t  f o r  t h e  up l ink ,  
placed over  t h e  miner 's  p o s i t i o n  can o f f e r  a performance advantage a s  w e l l  a s  
one of convenience, depending on t h e  o r i e n t a t i o n  of t h e  miner 's  r ece ive  loop 
and t h e  d i r e c t i o n  of t h e  maximum n o i s e  component i n  t h e  mine. 

Grounding of t h e  long-wire antenna has  been accomplished by means of 
fou r  o r  more ground rods a t  each end of t h e  w i r e ,  wi th  s p e c i a l  c a r e  be ing  taken 
t o  ensure  good connections by t h e  use of mud and copious amounts of rock s a l t .  
I n  t h i s  manner, t o t a l  r e s i s t a n c e  va lues  between about 50 and 100 ohms can b e  
achieved f o r  t h e  long w i r e  antenna;  however, maintaining t h e s e  va lues  over  long 
per iods  of t i m e  can sometimes b e  a problem. 

To e s t a b l i s h  va lues  of average overburden conduct iv i ty  f o r  e s t ima t ing  
system ope ra t i ng  ranges a t  d i f f e r e n t  mine s i tes ,  t h e  w e l l  e s t a b l i s h e d  dipole-  
d i p o l e  measurement technique has  been used e x t e n s i v e l y ,  and found t o  g ive  re-  
s u l t s  t h a t  ag ree  reasonably w e l l  w i th  system test  r e s u l t s  i n  most cases  over  
c o a l  mines. 

The t h e o r e t i c a l  r e s u l t s  of Wait and ITS, regard ing  t h e  magnetic f i e l d s  
expected underground from i n f i n i t e l y  long ,  i n s u l a t e d  w i r e  sou rces ,  placed on 
t h e  s u r f a c e  of homogeneous and layered  conducting overburdens,  a r e  w e l l  es- 
t a b l i s h e d  and have been found t o  be  gene ra l l y  i n  good agreement wi th  exper i -  
mental d a t a  ob ta ined  by WGL and CSM a t  s e v e r a l  mine s i t e s .  S imi l a r  r e s u l t s  
have been obta ined  f o r  s u r f a c e  loops.  However WGL f i e l d  experiences  have a l s o  
revea led  a somewhat g r e a t e r  tendency f o r  occas iona l  experimental  d e v i a t i o n s ,  
from p red i c t ed  f i e l d  s t r e n g t h  va lues  f o r  t he  long wi re  antennas.  A p o s s i b l e  
cause c i t e d  f o r  t h i s  behavior  was t he  presence of long conductors such a s  
power c a b l e s ,  t r o l l e y  wi res ,  o r  r a i l s  i n  t h e  mine, o r  l a r g e  inhomogenieties 
i n  t h e  overburden. This  bea r s  some f u r t h e r  i n v e s t i g a t i o n .  

A cons tan t  c u r r e n t  assumption i s  used throughout t h e s e  d e r i v a t i o n s .  
This has  been shown t o  b e  v a l i d  f o r  t h e  f requenc ies  of i n t e r e s t  provided t h e  
conductors a r e  i n s u l a t e d ,  which they a r e  i n  p r a c t i c a l  a p p l i c a t i o n s  of i n t e r e s t .  
The Navy experience i n  p a r t i c u l a r ,  w i th  t h e  huge Sanguine t r ansmi t  antenna,  
provides  good testimony t o  t h e  v a l i d i t y  of t h i s  cons tan t  c u r r e n t  assumption. 
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ITS and Wait have a l s o  de r ived  express ions  and curves f o r  t h e  underground 
magnetic and e l e c t r i c  f i e l d s  produced by f i n i t e ,  grounded, i n s u l a t e d  w i r e  antenn- 
a s  on t h e  s u r f a c e  of  a homogeneous, unlayered h a l f  space ,  and f o r  t h e  converse  
s i t u a t i o n  of t h e  s u r f a c e  f i e l d s  from b u r i e d  f i n i t e  grounded wires. These cases  
a r e  more c l o s e l y  r e l a t e d  t o  a c t u a l  f i e l d  i m s t a l l a t i o n s .  Both ana ly se s  r e v e a l  
t h a t  a f i n i t e  grounded w i r e  can b e  t r e a t e d  a s  an i n f i n i t e s i m a l  d i p o l e  when t h e  
obse rva t i on  d i s t a n c e ,  o r  dep th ,  is more than  about  twice  t h e  cab l e  l e n g t h ;  and 
t r e a t e d  a s  an i n f i n i t e l y  long w i r e  when t h e  obse rva t i on  d i s t a n c e  is less than  
about one q u a r t e r  of t h e  cab l e  l e n g t h ,  t h i s  l a t t e r  behavior  having been exper i -  
mental ly  observed a t  s e v e r a l  mines by WGL. I n  between t h e s e  depths  n e i t h e r  
approximation is good, t h e  exac t  curves  o r  a n a l y t i c a l  fo rmula t ion  be ing  r equ i r ed .  
Examination of t h e s e  curves  a l s o  i n d i c a t e s  on ly  s l i g h t  depa r tu r e  from i n f i n i t e l y  
long w i r e  f i e l d  va lues  f o r  d i s t a n c e s  up t o  h a l f  t h e  l eng th  of t h e  w i r e ,  and a 
r educ t i on  from i n f i n i t e  w i r e  f i e l d  va lues  of only about  3 t o  6 dB up t o  d i s -  
t ances ,  o r  dep th s ,  equa l  t o  t h e  l eng th  of t h e  w i r e .  The degree t o  which t h i s  
behavior  changes a s  t h e  obse rva t i on  p o i n t  rnoves toward and beyond t h e  end of 
t h e  w i r e  was n o t  d i s cus sed ,  b u t  should  b e  o b t a i n a b l e  from t h e  a n a l y s i s .  These 
r e s u l t s  w i l l  b e  q u i t e  u s e f u l  f o r  determining minimum p r a c t i c a l  l eng ths  f o r  su r -  
f a c e  and underground antenna i n s t a l l a t i o n s ,  and a s  a means f o r  unders tanding  
observed exper imenta l  behavior .  

It was concluded t h a t  no new t h e o r e t i c a l  d e r i v a t i o n s  were needed f o r  
loops o r  i n f i n i t e l y  long w i r e  sou rce s  on t h e  s u r f a c e  f o r  downlink t r ansmis s ion  
l o s s ,  b u t  a s  i n  t h e  up l i nk  c a s e ,  a p p r o p r i a t e  p r a c t i c a l  curves ,  t a b l e s ,  nomo- 
graphs , e t c .  b e  prepared  based on t h e  above r e s u l t s  f o r  homogeneous and l aye red  
overburdens.  S i m i l a r  cu rves ,  nomographs, e t c .  a r e  needed of t h e  magnet ic  and 
e l e c t r i c  f i e l d s  f o r  t h e  f i n i t e  w i r e  c a se s  t r e a t e d  by ITS. A s  i n  t h e  up l ink  
c a s e ,  curves  should  b e  inc luded  t h a t  depict: t h e  i n c r e a s e  i n  s i g n a l  l o s s  w i th  
h o r i z o n t a l  in-mine movement away from t h e  long w i r e ,  f i n i t e  w i r e ,  and loop 
p o s i t i o n s  on t h e  s u r f a c e ,  i n  o r d e r  t o  determine in-mine coverage a r e a s .  

The e f f e c t s  of a l aye red  overburden on t h e  f i e l d s  of  f i n i t e  grounded 
w i r e s  have n o t  been t r e a t e d  y e t .  I f  i t  is  concluded t h a t  l a y e r i n g  is l i k e l y  
t o  i n f l u e n c e  t h e  downlink f i e l d  behavior  i n  a s i g n i f i c a n t  manner, t h i s  c a se  
should  a l s o  b e  t r e a t e d  by a n a l y s i s  and cor1:esponding p r a c t i c a l  a p p l i c a t i o n  
curves  produced. A summary assessment  of t:he importance of l a y e r i n g  t o  t h e  
f i e l d s  produced by t h e  o t h e r  sou rce s  would a l s o  b e  d e s i r a b l e .  L a s t l y ,  new 
and b e t t e r  ways of qu i ck ly  making good, and long l a s t i n g ,  ground t e rmina t i ons  
i n  d i f f e r e n t  ground covers  should r e c e i v e  some a t t e n t i o n .  

b . P a r a s i t i c  S t r u c t u r e s  

Long wi r e  and loop antennas deployed on t h e  s u r f a c e  a r e  n o t  a s  l i k e l y  
a s  in-mine i n s t a l l a t i o n s  t o  encounter  p a r a s i t i c  s t r u c t u r e s  i n  t h e i r  immediate 
v i c i n i t y ,  un less  they  have t o  be deployed i n  and ac ros s  t h e  s t r e e t s  of a town, 
o r  perhaps d i r e c t l y  over  a gas p ipe  o r  under power l i n e s  i n  r u r a l  a r e a s .  I n  
t h e  f i r s t  case  t h e  complexity of t h e  p a r a s i t i c  s t r u c t u r e  con f igu ra t i on  w i l l  
probably de fy  a n a l y t i c a l  t r e a tmen t ,  and what is  perhaps more needed is  a 
p r a c t i c a l  s t r a t e g y  f o r  choice of antenna type and i t s  deployment, based on 
p r e s e n t  knowledge. I n  t h e  second i n s t a n c e ,  Wait and ITS have examined ca se s  
of long  w i r e  sources  p a r a l l e l  t o  bur ied  conduct ing non-insulated c y l i n d e r s .  
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These r e s u l t s  should be  examined f o r  t h e i r  p o t e n t i a l  a p p l i c a t i o n  t o  t h e  gas 
p ipe  s t r u c t u r e .  However, s i n c e  t h e  e f f e c t s  of such s t r u c t u r e s  gene ra l l y  
dec r ea se  w i th  i n c r e a s i n g  d i s t a n c e  and o r i e n t a t i o n  ang l e ,  perhaps a  p r a c t i c a l  
s o l u t i o n  t o  t h i s  p o t e n t i a l  problem i s  aga in  a  deployment s t r a t e g y  f o r  minimum 
e f f e c t ,  when t h e  p resence  of t h i s  conductor i s  known and f l e x i b i l i t y  i n  
antenna deployment i s  a v a i l a b l e  . 

I n  t h e  s e c t i o n  and haulage ways a t  t h e  r e c e i v i n g  end of t h e  downlink, 
me t a l  s t r u c t u r e s  i n  t h e  v i c i n i t y  of t h e  man-carried r e c e i v i n g  antennas  may 
p l a y  a  more impor tan t  r o l e  i n  a l t e r i n g  o r  p rov id ing  a  s h i e l d i n g  e f f e c t  t o  
underground f i e l d s ,  and, may account  f o r  some of t he  lower than p r ed i c t ed  
l e v e l s  exper ienced by WGL i n  a  few i n s t a n c e s .  Prime su spec t s  f o r  t h e s e  i n f r e -  
quen t l y  r epo r t ed  anomalies could be  c losed loops made by two o r  more v e h i c l e  
t r o l l e y  p o l e s  a c r o s s  t h e  t r o l l e y - t r a c k  t ransmiss ion  l i n e ,  say  i n  t h e  v i c i n i t y  
of t h e  s e c t i o n  l oad ing  p o i n t ,  o r  s t e e l  mesh used f o r  roof  suppo r t  i n  t h e  
e n t r i e s  of some mines. The e f f e c t s  of t h e s e  s t r u c t u r e s  should be es t imated  
u s ing  approximate methods, t o  s e e  i f  they ,  a s  opposed t o  l a r g e  unknown con- 
duc t i ng  anomalies i n  t h e  overburden,  could account  f o r  t h e  s i g n i f i c a n t l y  reduced 
h o r i z o n t a l  f i e l d  s t r e n g t h  l e v e l s  observed. 

3 .  The Channel-Noise 

As concluded du r ing  t h e  workshop and d i scussed  i n  t h e  downlink overview 
s e c t i o n ,  i t  can be assumed f o r  t h e  purpose of system des ign  and op t im iza t i on  
t h a t  t h e  mine o r  mine s e c t i o n s  w i l l  b e  i n  a  non-opera t iona l ,  power-down, con- 
d i t i o n  du r ing  t h e  ope ra t i on  of t h e  downlink emergency vo i ce  system. A l l  major 
mining and hau lage  equipment w i l l  b e  turned o f f ,  on ly  minor equipment such a s  
pumps, f a n s ,  e t c . ,  may be  l e f t  on. 

The in-mine wideband n o i s e  record ings  made by NBS should p rov ide  a  more 
than adequate  d a t a  ba se  from which t o  op t imize  t h e  des ign  of t h e  downlink 
baseband vo i ce  system. Expanded frequency-scale  power s p e c t r a  cover ing  t h e  
0-5 kHz band, and d e p i c t i n g  d i s c r e t e  f requency and broadband n o i s e  l e v e l s  of 
bo th  h o r i z o n t a l  and v e r t i c a l  components of  t h e  magnetic f i e l d  i n t e n s i t y  w i l l  
be  needed. Dubs of s e l e c t e d  n o i s e  t ape  r eco rd ings  a r e  a l s o  d e s i r e d  f o r  
t e s t i n g  r e c e i v e r  p roce s s ing  techn iques  and o v e r a l l  sys tem performance i n  t h e  
l a b o r a t o r y .  Of p a r t i c u l a r  i n t e r e s t  w i l l  b e  d a t a  du r ing  q u i e t  t imes and loca-  
t i o n s  on t h e  s e c t i o n s  and haulageways,  t h a t  c h a r a c t e r i z e  t h e  emergency power 
down cond i t i ons .  Consu l ta t ion  w i t h  Bureau of Mines and NBS s t a f f  w i l l  no 
doubt be  h e l p f u l  i f  n o t  nece s sa ry  i n  t h e  s e l e c t i o n  of  measurement cond i t i ons  
and d a t a  t h a t  t y p i f y  t h i s  cond i t i on .  

4.  The Source-Message, Coding, Modulation,  Opera t ing  Frequency 

The sou rce  t o p i c  was given only b r i e f  t r ea tment  by t h e  group. I t  was 
noted t h a t  performance c a l c u l a t i o n s  by ADL us ing  e a r l y  NBS and WGL mine n o i s e  
d a t a  i n d i c a t e  t h a t  i n t e l l i g i b l e  downlink baseband vo i ce  r e c e p t i o n  i s  p o s s i b l e  
t o  1 ,000 f e e t  i n  mho/m overburdens ,  w i t h  under 50 w a t t s  of average power 
under low n o i s e  mine cond i t i ons .  This  k ind  of performance i s  supported by WGL 
expe r i ence  i n  t h e  f i e l d .  Indeed,  even a s  l i t t l e  a s  5  w a t t s  may be r equ i r ed  
under some h i g h l y  f avo rab l e  non-operat i o n a l  cond i t i ons  . (These r ea sonab l e  
average power requirements  can climb t o  p r o h i b i t i v e  l e v e l s  above 10  k i l o w a t t s  
under o p e r a t i o n a l  cond i t i ons  i n  DC mines. ) 
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The emphasis f o r  t h e  downlink v o i c e  sys tem h a s  remained on t h e  d i r e c t  
t r a n s m i s s i o n  o f  baseband v o i c e  s i g n a l s  through- the-ear th  , p a r t i c u l a r l y  under 
t h e  r e l a t i v e l y  f a v o r a b l e  emergency power-down n o i s e  c o n d i t i o n .  Under t h i s  
c o n d i t i o n ,  t h e  h i g h - l e v e l  harmonics  of 60 Hz, and p a r t i c u l a r l y  t h o s e  of 
360 Hz, w i l l  b e  g r e a t l y  reduced.  Updated performance and o v e r a l l  sys tems 
a n a l y s i s  c a l c u l a t i o n s  based on t h e  more comprehensive mine n o i s e  d a t a  r e c e n t l y  
t aken  by NBS w i l l  h e l p  t o  v e r i f y  ( o r  deny) t h e  d e s i r a b i l i t y  o f  t h i s  f r equency  
band of o p e r a t i o n ,  and b e t t e r  e s t a b l i s h  t h e  r e q u i r e d  power l e v e l s ,  These 
n o i s e  d a t a  s h o u l d  a l s o  h e l p  i d e n t i f y  t r a n s m i t t e r  s i g n a l  c o n d i t i o n i n g  t e c h n i q u e s  
and r e c e i v e r  s i g n a l  a n d / o r  n o i s e  p r o c e s s i n g  t echn iques  t h a t  can b e  used t o  
r educe  t h e  power, s i z e ,  and we igh t  r e q u i r e d  f o r  t h e  mobi le ,  emergency s u r f a c e  
t r a n s m i t t e r  . 

The use  of pre-emphasized and /o r  c l i p p e d  speech upon t r a n s m i s s i o n  were  
sugges ted  f o r  c o n s i d e r a t i o n  as ways t o  r e d u c e  t h e  peak power r e q u i r e m e n t s  of  
t h e  t r a n s m i t t e r ,  w h i l e  s a c r i f i c i n g  o n l y  l i t t l e  i n t e l l i g i b i l i t y  f o r  t h e  same 
average  speech  power t r a n s m i t t e d .  Means o f  s i g n i f i c a n t l y  r e d u c i n g  t h e  band- 
wid th  needed (by more than  an o r d e r  of  magnitude) t o  t r a n s m i t  v o i c e  i n t e l l i -  
g i b l y  have been c la imed i n  t h e  l i t e r a t u r e .  S i n c e  such r e d u c t i o n s  would c o r r e -  
spond ing ly  reduce  t r a n s m i t t e r  power, t h e s e  r e p o r t e d  methods s h o u l d  a l s o  b e  
i n v e s t i g a t e d .  

An a l t e r n a t i v e  method f o r  improving mine communications was a l s o  recom- 
mended by t h e  group as perhaps  a long-term g o a l  f o r  t h e  mining equipment 
s u p p l i e r s .  Namely, t h e  e f f e c t i v e  s u p p r e s s i o n  o f  e l e c t r i c a l  n o i s e  a t  i t s  s o u r c e  
i n  t h e  equipment whenever p r a c t i c a l l y  p o s s i ' t ~ l e ,  by means o f  improved d e s i g n s  
a n d / o r  a d d i t i o n  o f  s p e c i a l  n o i s e  suppress io r i  equipment.  

5 .  The Receiver-Sensor  , Demodulat i o n l ~ e c o d i n g  , S p e c i a l  P r o c e s s i n g  

a .  Downlink 

A s  f o r  t h e  s o u r c e ,  on ly  b r i e f  c o n s i d e r a t i o n  was g iven  t o  t h i s  t o p i c .  A 
he lmet  mounted l o o p  a n t e n n a  d e s i g n  is  d e s i r e d ,  t o g e t h e r  w i t h  a s i m i l a r l y  
mounted compact dual -purpose  r e c e i v e r ,  as mentioned i n  t h e  s y s  t e m  d e s c r i p t i o n  
s e c t i o n .  The c a l l - a l e r t  f u n c t i o n  o f  t h e  r e c e i v e r  w i l l  b e  d i s c u s s e d  la ter .  

Use o f  n o t c h  f i l t e r i n g  t o  r educe  t h e  i n t e r f e r i n g  e f f e c t s  of  h i g h - l e v e l  
harmonics  o f  60 Hz and 360 Hz, t h e r e b y  r e d u c i n g  r e q u i r e d  t r a n s m i t t e r  power, was 
t h e  p r i n c i p a l  s u g g e s t i o n .  Such f i l t e r s  have been s u c c e s s f u l l y  a p p l i e d  i n  
F r a n c e ,  and r e f e r e n c e  m a t e r i a l  on t h e s e  a p p l - i c a t i o n s  w i l l  b e  forwarded t o  t h e  
Bureau o f  Mines by r e p r e s e n t a t i v e s  of  t h e  U n i v e r s i t y  of  L i l l e .  Dramat ic  
improvements i n  v o i c e  r e c e p t i o n  i n  t h e  f a c e  o f  harmonic i n t e r f e r e n c e  have a l s o  
been demons t ra ted  by ADL i n  t h e  l a b o r a t o r y ,  w i t h  a breadboard d e s i g n  of a  
s i m p l e  e l e c t r o n i c  commutator-type f i l t e r  t h a t  i s  p a r t i c u l a r l y  s u i t e d  t o  
r e j e c t i n g  harmonic s i g n a l s .  The French and ADL r e p o r t e d  results shou ld  b e  
reviewed,  t o g e t h e r  w i t h  o t h e r  r e p o r t e d  n o t c h  f i l t e r  work. 'l'hey s h o u l d  b e  
reviewed f o r  t h e i r  e f f e c t i v e n e s s  a g a i n s t  t h e  mine emergency c o n d i t i o n  harmonic 
i n t e r f e r e n c e  ; and f o r  t h e i r  p r a c t i c a l  app1ic:at ion t o  a compact he lmet  mounted 
r e c e i v e r ,  s h o u l d  t h e  measured harmonic  l e v e l s  w a r r a n t  t h e  use  o f  n o t c h  f i l -  
t e r i n g  under emergency power-down c o n d i t i o n s .  I n  r e g a r d  t o  t h i s  l a t t e r  p o i n t ,  
i t  may b e  n e c e s s a r y  t o  e v a l u a t e  t h e  e f f e c t  a f  p u r e  o r  complex " tones"  o f  n o i s e ,  
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such a s  those  c r e a t e d  by harmonics of 60 Hz and 360 Hz, on t h e  i n t e l l i g i b i l i t y  
of r e ce ived  speech.  The e f f e c t  of d i r e c t  audio n o i s e  i n  t he  mine environment 
(which w i l l  probably b e  low under emergency cond i t i ons )  should a l s o  r e c e i v e  
b r i e f  c o n s i d e r a t i o n  a long  w i t h  t h a t  of t h e  o v e r a l l  speech sound l e v e l  t o  be  
d e l i v e r e d  t o  t h e  miner .  

b .  Uplink 

Performance c a l c u l a t i o n s ,  s i m i l a r  t o  t hose  f o r  t h e  downlink d i scussed  
above have a l s o  been performed by ADL f o r  a  baseband vo i ce  up l i nk  u s ing  a  
m u l t i t u r n  100-foot per iphery  loop  t r a n s m i t  antenna i n s t ead  of a long w i r e .  The 
r e s u l t s  i n d i c a t e  t h a t ,  excep t  under t h e  most f avo rab l e  cond i t i ons  o f  depth 
(300 f e e t )  and t h e  q u i e t e s t  of s u r f a c e  n o i s e  cond i t i ons ,  t h e  l e v e l s  of t r a n s -  
m i t t e r  power, v o l t a g e ,  and c u r r e n t  r equ i r ed  a r e  w e l l  i n  excess  of  those  
demanded by i n t r i n s i c  s a f e t y ,  long  o p e r a t i n g  l i f e ,  and p r a c t i c a l  s i z e  and 
weigh t  f o r  an in-mine emergency u n i t .  These up l i nk  t r a n s m i t t e r  requirements  
f o r  vo i ce  should be reconfi rmed,  a l ong  w i th  those  f o r  t h e  downlink vo i ce  
system, i n  l i g h t  of t h e  more comprehensive NBS mine n o i s e  d a t a  now a v a i l a b l e  
and t h e  l a r g e r  in-mine loop an tennas  be ing  cons idered .  However, i t  appears  
t h a t  an up l i nk  vo i ce  system t h a t  can o p e r a t e  from a v a i l a b l e  emergency power 
w i l l  con t inue  t o  remain i m p r a c t i c a l  u n t i l  an  economic and p r a c t i c a l  way i s  
found t o  s i g n i f i c a n t l y  reduce t h e  bandwidth r equ i r ed  t o  t r an smi t  i n t e l l i g i b l e  
speech.  

S i d e l i n k  C a l l  A l e r t  Coded Page System 

1. Overview 

The c a l l  a l e r t  sys tem is  a  r e c e n t  by-product of t h e  succe s s  expe r i -  
enced w i th  t h e  exper imenta l  e l e c t romagne t i c  CW t r a n s m i t t e r  developed by WGL f o r  
l o c a t i n g  miners t rapped benea th  overburdens of mho/m conduc t i v i t y  t o  
dep th s  of 1,000 f e e t .  A s  mentioned p r ev ious ly ,  t h e  l o c a t i o n  t r a n s m i t t e r  i s  
i n t r i n s i c a l l y  s a f e ,  o p e r a t e s  from a  mine r ' s  & v o l t  cap lamp b a t t e r y  i n t o  a  one- 
t u r n  loop  placed i n  an e n t r y  o r  wrapped around a  c o a l  p i l l a r ,  and gene ra t e s  a  
p e r i o d i c a l l y  i n t e r r u p t e d  CW s i g n a l  i n  t h e  1-3 kHz band. This  s i g n a l  i s  de tec -  
t a b l e  on t h e  s u r f a c e  above t h e  miner and is  s u i t a b l e  f o r  l o c a t i n g  t h e  mine r ' s  
h o r i z o n t a l  p o s i t i o n .  The development of t h i s  l o c a t i o n  t r a n s m i t t e r  ha s  now 
progressed  t o  where an improved preproduc t ion  p ro to type  u n i t  i s  be ing  manufac- 
tu red  by C o l l i n s  Radio Co. i n  l i m i t e d  q u a n t i t i e s  f o r  t e s t i n g  i n  some ope ra t i ng  
mines. 

S ince  t h e  h o r i z o n t a l  ranges  d e s i r e d  f o r  t h e  c a l l  a l e r t  sys tem 
desc r i bed  i n  s e c t i o n  I1 a r e  commensurate w i th  t h e  v e r t i c a l  ranges  ob ta ined  f o r  
miner l o c a t i o n ,  t h e  Bureau i s  p r e s e n t l y  g iv ing  h igh  p r i o r i t y  t o  t h e  development 
of a  c a l l  a l e r t  page system cen te red  around an adapted v e r s i o n  of t h e  WGL loca-  
t i o n  t r a n s m i t t e r .  A s  p r e s e n t l y  conceived,  t h i s  paging t r a n s m i t t e r  w i l l  be  
a c t i v a t e d  by means of a  c a r r i e r  s i g n a l  s e n t  over t h e  mine phone l i n e  from t h e  
s u r f a c e  t o  t h e  d e s i r e d  s e c t i o n .  The c a l l  a l e r t  t r a n s m i t t e r  w i l l  be  connected 
t o  a loop wrapped around a  c o a l  p i l l a r ,  perhaps a t  t h e  s e c t i o n  l o a d i n g  p o i n t ,  
and w i l l  t r an smi t  a  s i n g l e  f requency tone (perhaps  s imply coded) t o  a  compact, 
dual-purpose,  helmet-mounted r e c e i v e r  worn by t h e  i n d i v i d u a l  be ing  paged t o  t h e  
s e c t i o n ' s  mine phone. Under low n o i s e  emergency cond i t i ons ,  t h i s  r e c e i v e r  w i l l  
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be operab le  i n  a  baseband vo i ce  mode f o r  downlink message r ecep t ion .  Under 
h igh  n o i s e  o p e r a t i o n a l  cond i t i ons ,  i t  w i l l  o p e r a t e  i n  a  narrowband c a l l  a l e r t  
mode, r e c e i v i n g  a  prearranged CW paging s i g n a l  spaced between t h e  s t r o n g  60 Hz 
harmonics u s u a l l y  p r e s e n t  under t h e s e  condi t ions .  

A f i r s t  genera t ion  exper imenta l  c a l l  a l e r t  s y s  t e m  has  been b u i l t  
from e x i s t i n g  hardware by WGL, and i n s t a l l e d  i n  t h e  Bureau's exper imenta l  mine 
t o  demonstrate  concept f e a s i b i l i t y  i n  a  non-operat ional  environment. Though 
t h e  ope ra t i ng  f requenc ies  o f  t he  p r e s e n t  exper imental  u n i t  a r e  i n  t h e  1-3 kHz 
band, t o  t ake  advantage of t h e  f requenc ies  a v a i l a b l e  w i th  t he  p r e sen t  l o c a t i o n  
t r a n s m i t t e r ,  an  o v e r a l l  system a n a l y s i s  f o r  an ope ra t i ona l  n o i s e  environment 
may r e v e a l  a  more e f f e c t i v e  ope ra t i ng  frequency. 

Ove ra l l  s y s  tem requirements  a r e  p r e s e n t l y  be ing  formulated by t h e  
Bureau. These w i l l  form t h e  b a s i s  f o r  subsequent  systems a n a l y s i s  and o p t i -  
miza t ion  of  de s igns  t h a t  can be converted i n t o  p r a c t i c a l ,  i n t r i n s i c a l l y - s a f e  
hardware f o r  day-to-day u se  i n  ope ra t i ng  mines. 

2 .  The Channel-Transmission Loss- 

a .  Loops 

In-mine c a l l  a l e r t  paging i s  a  s i d e l i n k  a p p l i c a t i o n  u t i l i z i n g  two 
e s s e n t i a l l y  cop lanar  l oops ,  wh i l e  miner 1oc:ation i s  an up l ink  a p p l i c a t i o n  
u t i l i z i n g  two e s s e n t i a l l y  c o a x i a l  loops.  Examination of w a i t ' s  t h e o r e t i c a l  
coupl ing curves  f o r  i n f i n i t e s i m a l  loops bur ied  i n  homogeneous overburdens 
r e v e a l s  t h a t  t h e  o p e r a t i n g  range f o r  a  h o r i z o n t a l  cop lanar  geometry i s  reduced 
by only about  20% over  t h e  range f o r  a v e r t i c a l  coax i a l  geometry, f o r  ranges  
i n  t h e  v i c i n i t y  of t h r e e  s k i n  depths .  This ope ra t i ng  range  is  reduced even 
less a t  g r e a t e r  d i s t a n c e s .  V e r t i c a l  ranges  i n  excess  of 1,000 f e e t  have been 
ob ta ined  w i t h  t h e  l o c a t i o n  t r a n s m i t t e r .  At: 2  kHz ( t h e  c e n t e r  of  t h e  1-3 kHz 
ope ra t i ng  band of  t h e  l o c a t i o n  t r a n s m i t t e r ) ,  t h e  t h r e e  s k i n  dep th  range i s  
1,100 f e e t ,  which g ives  rise t o  a  p o t e n t i a l  s i d e l i n k  o p e r a t i n g  range of 
900 f e e t .  This 900 f o o t  range is  i n  excess  of t h e  400 t o  800 foo t  range 
needed f o r  c a l l  a l e r t  coverage of t h e  t y p i c a l  600 by 600 f o o t  s e c t i o n  men- 
t ioned  i n  s e c t i o n  11. The above range conc lus ions  a r e ,  of course ,  based on 
e q u a l  n o i s e  cond i t i ons  f o r  each case .  S ince  t he  n o i s e  environment w i l l  l i k e l y  
be more s eve re  f o r  t h e  in-mine, operat ional l ,  c a l l  a l e r t  a p p l i c a t i o n ,  i t s  
e f f e c t  on o p e r a t i n g  range and t r a n s m i t t e r / ~ : e c e i v e r  des ign  has  t o  be determined. 

A t  t h e  under 5 kHz f requenc ies  of  p r e sen t  i n t e r e s t  f o r  t h e  c a l l  
a l e r t  system, t h e  t h e o r e t i c a l  work of W ~ ~ ~ / I T S  has  shown t h a t  t he  e f f e c t s  of 
l a y e r i n g  (such a s  t h a t  found above and below c o a l  seams) and a i r - f i l l e d  
c a v i t i e s  (such a s  t unne l s  i n  c o a l  seams) should n o t  be  s i g n i f i c a n t  f o r  loops ,  and 
t h e r e f o r e  can l a r g e l y  be ignored f o r  commurlications a p p l i c a t i o n s .  S i m i l a r l y ,  
t h e  i n f i n i t e s i m a l  loop t h e o r e t i c a l  r e s u l t s  should be adequate  f o r  making per- 
formance p r e d i c t i o n s ,  p a r t i c u l a r l y  a t  t h e  d e s i r e d  range limits, f o r  mine sec-  
t i o n s  f r e e  of p a r a s i t i c  i n f l uences .  A t  ranges  c l o s e  t o  t h e  loop i n s t a l l a t i o n ,  
t he  i n f i n i t e s i m a l  loop r e s u l t s  w i l l  tend t o  overes t imate  s i g n a l  s t r e n g t h s  
somewhat. This  d i sc repancy  w i l l  become important  p r i m a r i l y  when t r e a t i n g  
p o t e n t i a l  coupl ing  t o  nearby p a r a s i t i c  s t r u c t u r e s ,  a s  d i scussed  below. There- 
f o r e ,  curves ,  t a b l e s ,  nomographs should be  prepared f o r  t he  v e r t i c a l  magnetic 
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f i e l d  component i n  t h e  p l a n e  of t h e  t r a n s m i t  l o o p ,  based on t h e  a v a i l a b l e  the-  
o r e t i c a l  r e s u l t s  f o r  cop lanar  i n f i n i t e s i m a l  loops .  These can be  used tempo- 
r a r i l y  f o r  making p r e l i m i n a r y  performance p r e d i c t i o n s  u n t i l  more i n f o r m a t i o n  
i s  for thcoming on t h e  e f f e c t s  of t h e  conductors  p r e v a l e n t  i n  mine s e c t i o n s .  

b. P a r a s i t i c  S t r u c t u r e s  

Mine s e c t i o n s  t y p i c a l l y  c o n t a i n  many conduc tors ,  such a s  t r o l l e y  
wires and r a i l s ,  f i x e d  and t r a i l i n g  power c a b l e s ,  roof  b o l t s ,  and sometimes 
s t e e l  roof-supported mesh, t h a t  can a f f e c t  t h e  s t r e n g t h  and o r i e n t a t i o n  of 
magnet ic  f i e l d s .  T h e r e f o r e ,  a  s e r i e s  of l i m i t e d  s i g n a l  s t r e n g t h  measurements 
should  be  conducted i n  o p e r a t i o n a l  mine s e c t i o n s ,  and i n  o t h e r  mine l o c a t i o n s  
t h a t  a r e  r e l a t i v e l y  conductor-f ree .  These s imple  exper iments  a r e  needed; t o  
v e r i f y  whether t h e  homogeneous-overburden cop lanar  loop  r e s u l t s  can be  a p p l i e d  
w i t h  conf idence  t o  o p e r a t i o n a l  s e c t i o n s ,  and t o  f o r m u l a t e  p r a c t i c a l  d e s i g n  
gu ides  f o r  o p e r a t i o n a l  s e c t i o n s ,  P r e l i m i n a r y  r e s u l t s  from f i e l d  measurements 
t aken  by ADL i n  t h e  ~ u r e a u ' s  exper imenta l  mine i n d i c a t e  t h a t  s i g n i f i c a n t  
d e p a r t u r e s  from t h e  t h e o r e t i c a l  r e s u l t s  can i n  f a c t  occur .  

I n  p a r a l l e l  w i t h  t h e  above f i e l d  measurements, corresponding the-  
o r e t i c a l  a n a l y s e s  a r e  needed t o  p r e d i c t  t h e  degree  t o  which t h e  d i r e c t i o n  and 
s t r e n g t h  of t h e  magnet ic  f i e l d s  produced i n  t h e  t u n n e l s ,  by f i n i t e  loops  
wrapped around c o a l  p i l l a r s ,  w i l l  b e  a f f e c t e d  by t h e  above mentioned con- 
d u c t o r s  i n  working s e c t i o n s  of t h e  mines. Of p a r t i c u l a r  i n t e r e s t  w i l l  be  t h e  
e f f e c t s  caused by t r a i l i n g  and f i x e d  power c a b l e s ,  roof  b o l t s ,  and t r o l l e y  
w i r e l r a i l  s t r u c t u r e s ,  which appear  manageable a n a l y t i c a l l y ,  The p o t e n t i a l  
problems caused by heavy m e t a l  mesh o c c a s i o n a l l y  used f o r  roof  s u p p o r t  were 
acknowledged, b u t  a ss igned  a  lower p r i o r i t y  f o r  a n a l y t i c a l  t r e a t m e n t ,  because  
of t h e  i n f r e q u e n t  u s e  of t h i s  mesh and perce ived  a n a l y t i c a l  d i f f i c u l t i e s .  

ITS h a s  done some i n v e s t i g a t i o n  of t h e  c u r r e n t s  induced i n  a  
t h i n ,  i n f i n i t e l y  long ,  c y l i n d r i c a l  conductor  by a  nearby i n f i n i t e s i m a l  loop 
t r a n s m i t t e r .  T h i s  work r e p o r t e d l y  is  e a s i l y  ex tendab le ;  t o  i n c l u d e  t h e  
e f f e c t s  of t h e  magnet ic  f i e l d  produced by t h i s  induced c u r r e n t ,  and t o  i n c l u d e  
t h e  e f f e c t s  produced by a  f i n i t e  loop source .  The u t i l i t y  of t h i s  approach 
should be  i n v e s t i g a t e d ,  and pursued i f  found a p p l i c a b l e .  

ITS h a s  a l s o  examined t h e  i n f l u e n c e  of b u r i e d  s p h e r i c a l  and p r o l a t e  
s p h e r o i d a l  conduct ing o b j e c t s  on t h e  f i e l d s  produced by i n f i n i t e s i m a l  loop 
s o u r c e s .  Though o r i g i n a l l y  done i n  connec t ion  w i t h  t h e  miner l o c a t i o n  pro- 
blem, t h e  r e s u l t s  can b e  a p p l i e d  t o  t h e  c a l l  a l e r t  a p p l i c a t i o n ,  t o  e s t i m a t e  
t h e  l i k e l y  f i e l d  e f f e c t s  produced by machinery and s h u t t l e  c a r s ,  For t h e  
f r e q u e n c i e s ,  s i z e s ,  geomet r ies ,  and d i s t a n c e s  of i n t e r e s t ,  t h e s e  o b j e c t s  w i l l  
n o t  s i g n i f i c a n t l y  a l t e r  t h e  magnitude of t h e  f i e l d s ,  b u t  mainly  t h e i r  d i r e c -  
t i o n  somewhat i n  t h e  immediate v i c i n i t y  of t h e  o b j e c t s .  No f u r t h e r  i n v e s t i -  
g a t i o n s  of t h i s  a r e a  were recommended. 

Roof B o l t s  

I f  a  f i n i t e  w i r e  t e rmina ted  by roof  b o l t s  i s  shown t o  be  a  f a v o r a b l e  
t r a n s m i t  an tenna  f o r  t h e  roof  b o l t  paging system, a  s u g g e s t i o n  was made t h a t  
i t  a l s o  be  cons idered  f o r  u s e  i n  t h e  c a l l  a l e r t  sys tem.  
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3. The Channel-Noise 

S i n c e  t h i s  i s  a narrowband o p e r a t i o n a l  sys tem f o r  mine s e c t i o n s ,  
t h e  in-mine wideband n o i s e  r e c o r d i n g s  made by NBS shou ld  p r o v i d e  a n  ade- 
q u a t e  d a t a  base .  Of p a r t i c u l a r  i n t e r e s t  w i l l  b e  expanded f requency-sca le  
power s p e c t r a  showing l e v e l s  of d i s c r e t e  and broadband n o i s e  cover ing  t h e  
0-5 kHz band; and r e p r e s e n t i n g  d a t a  t aken  p r i m a r i l y  on working s e c t i o n s  
i n  t h e  v i c i n i t y  of f a c e  machinery and power c a b l e s  and convers ion  equipment,  
under r e p r e s e n t a t i v e  o p e r a t i n g  c o n d i t i o n s .  V e r t i c a l  f i e l d  components of 
t h e  n o i s e  w i l l  b e  mose impor tan t  f o r  t h i s  a p p l i c a t i o n .  Dubs of s e l e c t  
r e c o r d i n g s  w i l l  a l s o  b e  d e s i r a b l e  a s  mentioned p r e v i o u s l y .  Although f r e -  
q u e n c i e s  below 5 kHz a r e  p r e s e n t l y  f a v o r e d ,  d a t a  can and shou ld  b e  examined 
above 5 kHz f o r  t h i s  system. 

The Source  and Rece ive r  

Only l i t t l e  a t t e n t i o n  was devoted t o  t h i s  t o p i c ,  w i t h  t h e  group 
a g r e e i n g  t h a t  a d e f i n i t i o n  of sys tem requ i rements  and a n  o v e r a l l  sys tem 
a n a l y s i s  were needed t o  i d e n t i f y  t h e  most f a v o r a b l e  and p r a c t i c a l  sys tem 
d e s i g n  approaches .  However, a  few b r i e f  comments were made. 

The t r a n s m i t t e d  c a l l  a l e r t  s igna.1 cou ld  b e  a s i n g l e  t o n e ,  keyed 
on and o f f  w i t h  a f i x e d  d u t y  c y c l e ,  a s  i n  the  p r e s e n t  e x p e r i m e n t a l  u n i t .  
For  a s i n g l e  page s i g n a l  p e r  s e c t i o n ,  t h e  s i m p l e ,  s i n g l e  t o n e  sys tem now 
used i n  t h e  e x p e r i m e n t a l  u n i t  could  b e  adequa te .  For s e v e r a l  pages  address -  
a b l e  t o  d i f f e r e n t  i n d i v i d u a l s  p e r  s e c t i o n ,  some means of coding t h e  s i n g l e  
t o n e ,  o r  u s e  of m u l t i p l e  t o n e s  would b e  needed.  The most  f a v o r a b l e  coding 
method from p r a c t i c a l  and n o i s e  immunity s t a n d p o i n t s  needs  t o  b e  determined.  

On t h e  r e c e i v i n g  end ,  i t  w a s  no ted  t h a t  n o t c h  f i l t e r s  may b e  
needed t o  minimize i n t e r f e r e n c e  from 60 Hz harmonics a d j a c e n t  t o  t h e  s i g n a l  
f requency.  The most p r a c t i c a l  and e f f e c t i v e  n o i s e  p r o c e s s i n g  t e c h n i q u e s  
s u i t e d  t o  a compact,  helmet-mounted r e c e i v e r  need t o  b e  determined.  

A s  mentioned i n  s e c t i o n  I T ,  t h i s  sys tem could  conce ivab ly  s h a r e  
equipment w i t h  a n  u p l i n k  d a t a  s t a t i o n  a l s o  l o c a t e d  on t h e  mine s e c t i o n .  

S i d e l i n k  Roof B o l t  Voice Page System 

1. Overview 

The roof  b o l t  v o i c e  pag ing  sys tem i s  a sys tem conce ived  and 
r e c e n t l y  developed by t h e  Bureau f o r  t r a n s m i t t i n g  v o i c e  messages t o  key 
i n d i v i d u a l s  c a r r y i n g  s m a l l  pocket  p a g e r s  on working s e c t i o n s  under opera- 
t i o n a l  c o n d i t i o n s .  A p r o t o t y p e ,  u s i n g  r e a d i l y  a v a i l a b l e  commercial equip- 
ment,  is p r e s e n t l y  i n s t a l l e d  i n  t h e  ~ u r e a u ' s  e x p e r i m e n t a l  mine t o  d e m o n s t r a t e  
i t s  f e a s i b i l i t y  i n  a non-opera t iona l  environment.  The sys tem concep t  de- 
ve loped  as a r e s u l t  of some s u c c e s s f u l  in-mine exper iments  performed by t h e  
P i t t s b u r g h  Mining and S a f e t y  Research C e n t e r ;  whereby a 20-watt t r o l l e y  
phone 88 kHz FM t r a n s m i t t e r  was connected t:o two roof  b o l t s  approx imate ly  
50 t o  100 f e e t  a p a r t  i n  an  o p e r a t i n g  mine,  and i t s  v o i c e  t r a n s m i s s i o n  t h e n  
r e c e i v e d  a t  d i s t a n c e s  up t o  abou t  600 f e e t  away w i t h  a s m a l l  pocke t  pager  
u t i l i z i n g  a f e r r i t e  loop  s t i c k  an tenna .  
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Limited f i e l d  e x p e r i e n c e  t o  d a t e  i n d i c a t e s  t h a t  o p e r a t i n g  ranges  
commensurate w i t h  t h e  400 t o  600 f e e t  r e q u i r e d  t o  p rov ide  s e c t i o n  coverage 
may be a c h i e v a b l e ,  under o p e r a t i o n a l  c o n d i t i o n s ,  w i t h  an o p e r a t i n g  f requency 
i n  t h e  v i c i n i t y  of 100 kHz. A t  t h i s  p o i n t  i n  t ime a  more q u a n t i t a t i v e  
unders tand ing  of t h e  t r a n s m i s s i o n  l o s s  and what a f f e c t s  i t  i s  needed; i n  
o r d e r  t o  de te rmine  t h e  most f a v o r a b l e  o p e r a t i n g  f requency ,  t o  develop prac- 
t i c a l  g u i d e l i n e s  f o r  t a i l o r i n g  i n s t a l l a t i o n s  and e s t i m a t i n g  performance i n  
d i f f e r e n t  mines,  and t o  e v e n t u a l l y  develop an  improved s y s  t e m  . 

2. The Channel-Transmission Loss 

a .  F i n i t e  Wire Antennas Terminated by Roof B o l t s  

The f i n i t e  w i r e  an tenna  i n  t h i s  c a s e  is  an i n s u l a t e d  w i r e  t h a t  
r u n s  a long  t h e  roof of  a t u n n e l  and i s  te rmina ted  a t  each end by a t t a c h -  
ment t o  a  roof  b o l t .  F i e l d  exper ience  t o  d a t e  has  found t h e  t o t a l  termin- 
a t i o n  impedance f o r  such roof  b o l t  p a i r s ,  s e p a r a t e d  by 50 t o  200 f e e t ,  t o  
f a l l  i n  t h e  range  of 120 t o  50 ohms r e s i s t i v e .  T h e o r e t i c a l  curves  and 
s u p p o r t i n g  exper imenta l  d a t a  a r e  needed, t o  adequa te ly  d e s c r i b e  t h e  be- 
h a v i o r  of t h e  magnet ic  f i e l d s  produced i n  t h e  t u n n e l s  throughout  a  s e c t i o n  
i n  which such a  f i n i t e  w i r e  t r a n s m i t t e r  is  l o c a t e d .  

The t h e o r e t i c a l  work of Wait and ITS on f i n i t e  w i r e  an tennas  
b u r i e d  i n  homogeneous overburdens ,  d e s c r i b e d  i n  s e c t i o n s  IIA2c and I IB2a,  
should  b e  p a r t i c u l a r l y  u s e f u l  i n  t h i s  r e g a r d  and f o r  e s t i m a t i n g  system 
coverage a r e a s  i n  mine s e c t i o n s .  Though t h e  p r e s e n t  r e s u l t s  a r e  f o r  t h e  
e l e c t r i c  and magnet ic  f i e l d s  produced on t h e  s u r f a c e  from such b u r i e d  
an tennas ,  ITS m a i n t a i n s  t h a t  t h e  d e s i r e d  f i e l d  s t r e n g t h s  i n  t h e  c o a l  seam 
t u n n e l s  can be  e a s i l y  o b t a i n e d  from i t s  p r e s e n t  b u r i e d - f i n i t e - w i r e  a n a l y s i s .  
T h i s  c a s e  of i n t e r e s t  corresponds t o  r e c e i v e r  l o c a t i o n s  below, b u t  i n  t h e  
immediate v i c i n i t y  o f ,  t h e  p l a n e  of t h e  f i n i t e  w i r e .  

F requenc ies  p r e s e n t l y  b e i n g  i n v e s t i g a t e d  f o r  t h i s  v o i c e  page ap- 
p l i c a t i o n  range  from 10 kHz t o  300 kHz, w i t h  p r e s e n t  exper imenta l  systems 
o p e r a t i n g  around 100 kHz. Although t h e  f r e q u e n c i e s  i n  t h e  upper p a r t  of 
t h i s  band a r e  h i g h e r  than  o r i g i n a l l y  a n t i c i p a t e d  f o r  b u r i e d  f i n i t e  w i r e  
a p p l i c a t i o n s ,  ITS b e l i e v e s  t h a t  i t s  p r e s e n t  a n a l y s i s  should  app ly .  

T h e r e f o r e ,  i t  was concluded t h a t  t h e  ITS t h e o r e t i c a l  a n a l y s i s  of 
t h e  f i e l d s  from b u r i e d  f i n i t e  w i r e s  should  be  used t o  de te rmine  t h e  d e s i r e d  
magnet ic  f i e l d s  i n  t h e  c o a l  seam, i n  t h e  1-300 kHz band; and t o  p r e p a r e  
a p p r o p r i a t e  p r a c t i c a l  c u r v e s ,  t a b l e s ,  e t c .  f o r  u s e  by system d e s i g n e r s .  I n  
a d d i t i o n ,  s i n c e  t h e  overburden is  u s u a l l y  l a y e r e d  above and below c o a l  seams, 
and s i n c e  l a y e r s  of  va ry ing  c o n d u c t i v i t y  can p o t e n t i a l l y  i n f l u e n c e  t h e  f i e l d s  
from f i n i t e  w i r e  an tennas  more than  t h o s e  from f i n i t e  loops ,  a t h e o r e t i c a l  
a n a l y s i s  t o  de te rmine  t h e  e f f e c t s  of  a  s imple ,  r e p r e s e n t a t i v e , l a y e r e d  model 
should  b e  performed. 

The non-conducting volumes c r e a t e d  by t h e  g r i d  of t u n n e l s  i n  t h e  
c o a l  seam were cons idered  t o o  d i f f i c u l t  f o r  e x a c t  a n a l y t i c a l  t r e a t m e n t  a t  
t h i s  s t a g e ;  and i n  f a c t  may n o t  c r e a t e  s i g n i f i c a n t  e f f e c t s  on t h e  magnet ic  
f i e l d s  i n  t h e  t u n n e l s ,  because  t h e  t u n n e l s  a r e  r e l a t i v e l y  narrow and t h e  
c u r r e n t s  can s t i l l  f low wi thou t  much a l t e r a t i o n  through t h e  wider  c o a l  
p i l l a r s .  
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C o l l i n s  Radio and Spec t r a  Associ 'a tes  a r e  a l s o  r epo r t ed  t o  have 
performed t h e o r e t i c a l  ana lyses  of t he  f i e l d s  from bur ied  w i r e s ,  f o r  t h e  
i n f i n i t e l y  long and i n f i n i t e s i m a l l y  sma l l  cases .  This  work should a l s o  
be reviewed, compared w i th  t h e  ITS r e s u l t s ,  and u t i l i z e d  i f  app l i cab l e .  

C o l l i n s  Radio has  a l s o  conducted some l i m i t e d  measurements of 
t h e  magnetic f i e l d s  produced by 52 f e e t  long ,  f i n i t e  w i r e  roof b o l t  
antennas i n  an ope ra t i ng  mine. Three f i e l d  components were measured 
a t  t h r e e  d i s t a n c e s  between 300 and 700 f e e t  away from t h e  f i n i t e  w i r e ,  
i n  bo th  t h e  broads ide  and a x i a l  d i r e c t i o n s ,  and a t  f i v e  f r equenc i e s  i n  
t h e  1-50 kHz band. Though t h e s e  measurements do n o t  f u l l y  c h a r a c t e r i z e  
t he  expected t ransmiss ion  l o s s  behavior ,  t he  d a t a  s e r v e  a s  a  good 
s t a r t i n g  p o i n t  f o r  comparisons wi th  theory  and e s t a b l i s h i n g  p r a c t i c a l  
des ign  gu ide l i ne s .  More measurements a r e  needed, cover ing a  g r e a t e r  
range of d i s t a n c e ,  f requency,  and roof b o l t  spac ing ,  and p a r t i c u l a r l y  
i n  mine working s e c t i o n s .  

b. P a r a s i t i c  S t r u c t u r e s  

A s  i n  t h e  ca se  of t h e  c a l l  a l e r t  system, a  roof b o l t  system 
i n s t a l l e d  i n  a  working s e c t i o n  can be  expected t o  encounter  many conduct ing 
p a r a s i t i c  s t r u c t u r e s  t h a t  may a l t e r  t h e  d i r e c t i o n s  and magnitudes of t h e  
s i g n a l  magnetic f i e l d s .  These e f f e c t s  may even b e  magnified f o r  f i n i t e  
w i r e  systems ope ra t i ng  a t  t h e  h ighe r  f r equenc i e s  a n t i c i p a t e d .  Indeed, some 
l i m i t e d  f i e l d  measurements taken a t  88 kHz by ADL, f o r  a  roof b o l t  antenna 
i n s t a l l a t i o n  i n  t h e  Bureau's exper imental  mine, i n d i c a t e  an extremely h igh  
v a r i a b i l i t y  i n  t h e  l e v e l s  of t h e  measured v e r t i c a l  f i e l d  component a t  
comparable ranges  from t h e  roof  b o l t  antenna.  Therefore ,  and f o r  t h e  same 
reasons  given f o r  t h e  c a l l  a l e r t  system, a  s i m i l a r  exper imental  and theor-  
e t i c a l  e f f o r t  i s  recommended t o  r e s o l v e  t h e  i s s u e s  concerning t h e  e f f e c t s  
of p a r a s i t i c  conducting s t r u c t u r e s  found i n  r e p r e s e n t a t i v e  working s e c t i o n s  
of ope ra t i ng  mines. 

3. The Channel-Noise 

S ince  t h e  roof b o l t  system i s  a  vo i ce  paging system f o r  u se  under 
o p e r a t i o n a l  cond i t i ons ,  i t s  ope ra t i ng  frequency w i l l  most l i k e l y  be  above 
about  10 kHz, where t h e  o p e r a t i o n a l  n o i s e  l e v e l s  dec rea se  t o  more t o l e r a b l e  
l e v e l s .  P r e sen t  cons ide ra t i on  i s  being focussed on t h e  10 kHz t o  300 kHz 
band. The p re sen t  exper imental  system ope ra t e s  a t  88 and 100 kHz, b u t  
s i n c e  t h e s e  f r equenc i e s  a r e  a l r eady  u t i l i z e d  by mine t r o l l e y  w i r e  c a r r i e r  
systems,  a l t e r n a t i v e  non - in t e r f e r i ng  f r equenc i e s  a r e  a l s o  d e s i r a b l e .  

A s  f o r  t h e  o t h e r  systems,  t h e  r e c e n t l y  ob ta ined  NBS in-mine n o i s e  
d a t a  should s e r v e  a s  a  more than  adequate  d a t a  ba se  f o r  systems a n a l y s i s  
and op t imiza t i on  i n  t h e  10 kHz t o  300 kHz band. From t h e  wideband t ape  
r eco rd ings ,  power s p e c t r a  f o r  h o r i z o n t a l  and v e r t i c a l  magnetic f i e l d  com- 
ponents w i l l  b e  a v a i l a b l e ,  d e p i c t i n g  d i s c r e t e  and broadband n o i s e  l e v e l s  
over t h e  f requency range from 0-100 kHz and 0-300 kHz. I n  a d d i t i o n ,  n o i s e  
ampli tude p r o b a b i l i t y  d i s t r i b u t i o n s  and r m s  l e v e l s  w i l l  b e  a v a i l a b l e  from 
t h e  narrowband ( 2  kHz) s p o t  frequency n o i s e  r eco rd ings ,  a t  e i g h t  f r equenc i e s  
over t h e  10 kHz t o  32 mHz band, f ou r  of which f a l l  below 300 kHz. Appro- 
p r i a t e  dubs of s e l e c t e d  t ape  record ings  f o r  bo th  types  of n o i s e  measurement 
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should a l s o  b e  a v a i l a b l e ,  D e t a i l e d  r e p o r t s  documenting t h e s e  measurements 
and d a t a  w i l l  soon b e  pub l i shed  by NBS. 

4 , 5 ,  The Source  and Receiver  

The p r e s e n t  exper imenta l  system i s  des igned  around a  commercially 
a v a i l a b l e  20 w a t t ,  mine t r o l l e y  w i r e  phone t r a n s m i t t e r  t h a t  employs conven- 
t i o n a l  FM modulat ion and a n  i n d u s t r i a l  pocket pager  FM r e c e i v e r  t h a t  o p e r a t e  
a t  a  c a r r i e r  f requency  of e i t h e r  88 o r  100 kHz, Lack of t i m e  prevented 
d i s c u s s i o n  of t h e  o v e r a l l  sys tem by t h e  group,  b u t  i t  was concluded t h a t  t h e  
degree  t o  which t h i s  sys tem can o r  should  b e  opt imized o r  o t h e r w i s e  improved 
w i t h  r e g a r d  t o  performance,  p r a c t i c a l i t y ,  i n t r i n s i c  s a f e t y ,  e t c ,  w i l l  even- 
t u a l l y  b e  determined by t h e  system requ i rements  and a  subsequent  system 
a n a l y s i s ,  
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SUMMARY 

The work of t h e  o p e r a t i o n a l  communication systems '  group d e a l t  w i th  a 

range of communication needs and func t i ons  w i t h i n  mines,  p r imar i l y  a long 

haulageways, t o  and w i t h i n  s e c t i o n s  up t o  t h e  working f a c e  i t s e l f ,  and i n  

mine s h a f t s .  A mixture  of communication techniques  and hardware is needed 

t o  s a t i s f y  t h i s  v a r i e t y  of communication needs w i t h i n  t h e  d i f f e r i n g  environ-  

ments encountered i n  U.S. mines. S u b s t a n t i a l  p rog re s s ,  both exper imental  

and t h e o r e t i c a l ,  ha s  been made i n  r ecen t  yea r s  towards developing a l t e r n a t i v e  

communication systems s u i t a b l e  f o r  use  i n  mines which a r e  based on "guided" 

waves, i nc lud ing  w i r e - l e s s  (waveguide-lilke propagat ion i n  mine t unne l s )  and 

wire-based systems ( leaky  c o a x i a l  c ab l e s  o r  w i r e s ) .  Major p r i o r i t i e s  i d e n t i -  

f i e d  f o r  f u r t h e r  work needed t o  confirm (o r  deny) t h e  a p p l i c a b i l i t y ,  and 

r e f i n e  t h e  o p e r a t i o n a l  s p e c i f i c a t i o n s  of promising communication systems 

f o r  mine use i nc lude :  

Short-Term P r o j e c t s  

Cost/performance ana lyses  of promising leaky c o a x i a l  c ab l e  and UHF 

r a d i o  communication systems which r e q u i r e  f u r t h e r  d a t a  from: 

- Experimental  i n v e s t i g a t i o n  under U.S. mine cond i t i ons  of t h e  

performance of p o t e n t i a l l y  a p p l i c a b l e  leaky c o a x i a l  cab le  com- 

munication systems developed i n  Europe (France,  Belgium, and 

t h e  U.K). 

- Cost e s t i m a t e s  on t he se  c o a x i a l  cab le  communication systems. 

- Measurements of UHF r a d i o  propagat ion i n  low-coal mines. 

- I n v e s t i g a t i o n  of t h e  i n f l u e n c e  of o b s t a c l e s  (e .g .  s h u t t l e  c a r s  

and s e c t i o n  machinery) i n  t h e  ent : r ies  on UHF r a d i o  propaga t ion  i n  

mines . 

I n v e s t i g a t i o n  of t h e  problems of t r a n s m i t t e r  and r e c e i v e r  coupl ing 

and t e rmina t i on  matching a s s o c i a t e d  w i th  t h e  two-way propagat ion of low 

frequency r a d i o  waves i n  h o i s t  s h a f t s .  

Arthur D Little Inc 



Longer-Term P r o j e c t s  

i . e .  of l e s s e r  urgency o r  where less in format ion  i s  c u r r e n t l y  a v a i l a b l e .  

I n v e s t i g a t i o n  of t echn iques  f o r  coupl ing UHF r a d i o  t o  l e a k y  c o a x i a l  

c a b l e  communication s y s  t e m s  . 

D e l i n e a t i o n  of t h e  r o l e  o f ,  and needed i n t e r f a c e s  f o r , o p e r a t i o n a l  

communication c a p a b i l i t y  r e l a t e d  t o  emergency, paging and moni tor ing f u n c t i o n s .  

OPEPATIONAL COMMUNICATIONS FUNCTIONS 

The communication f u n c t i o n s  under d i s c u s s i o n  i n  t h i s  r e p o r t  a r e  p r i m a r i l y :  

Two-way communication a long  main haulageways up t o  4-5 m i l e s  long ,  

t o  v e h i c l e s  and t o  maintenance personne l .  

Two-way communication i n  s e c t i o n s  up t o  working f a c e s ;  a l l  e n t r i e s  

nea.r t h e  working f a c e  should b e  covered,  b u t  p o s s i b l y  on ly  a  l i m i t e d  propor- 

t i o n  of t h o s e  a t  o r  n e a r  main haulageways. Communication w i t h  rov ing  per-  

s o n n e l  a t  up t o  3,000 f e e t  away from main haulageways must b e  e s t a b l i s h e d .  

More than  one k ind  of working f a c e  must b e  d e a l t  w i t h ,  i . e .  room and p i l l a r  

(predominant i n  t h e  U.  S  . ) and longwal l .  

Two-way communication i n  mine h o i s t  s h a f t s  (on t h e  o r d e r  of 10,000 

f e e t  long)  . 
Two d i s t i n c t i v e  c a t e g o r i e s  of communication a r e  invo lved ,  t h e  f i r s t  

depending upon a b a s e  s t a t i o n ,  and t h e  o t h e r  d e a l i n g  w i t h  d i r e c t  mobile-to- 

mobile communication. 

Although n o t  d i s c u s s e d  i n  d e t a i l ,  i t  i s  recognized t h a t  t h e  communica- 

t i o n  sys tems designed t o  f u l f i l  t h e s e  purposes  may i n t e r f a c e  w i t h  o t h e r  

communication systems such a s  t r o l l e y  phone, a s  w e l l  a s  p l a y  a  r o l e  i n  

a s s u r i n g  some emergency, paging ( c a l l  a l e r t ) , a n d  one-way moni to r ing  com- 

municat ion f u n c t i o n s .  
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ENVIRONMENTAL CONSTRAINTS 

The primary c o n s t r a i n t s  recognized a s  a f f e c t i n g  the  communication systems 

under cons idera t ion  a r e  : 

Daily u t i l i t y  of equipment 

I n t r i n s i c  s a f e t y  

Ruggedness and r e s i s t a n c e  t o  harsh  mine environment 

Avai lab le  power 

Weight and s i z e  l i m i t a t i o n s  

Cost l i m i t a t i o n s  

The e lec t romagnet ic  no i se  environment a t  t he  f requenc ies  t y p i c a l l y  propos- 

ed o r  employed (a  few MHz up t o  1 GHz) appears no t  t o  be a  s i g n i f i c a n t  f a c t o r  

i n  determining communication system performance. A p o s s i b l e  except ion t o  t h i s  

r u l e  o r  s l i g h t l y  l e s s  c lear -cu t  s i t u a t i o n  may p r e v a i l  i n  t h e  case  of low f r e -  

quency (LF) r a d i o  propagat ion proposed f o r  communication i n  mine s h a f t s  ( a t  

f requenc ies  of a  few t ens  of k i l o h e r t z ) .  

OPERATIONAL COMMUNICATIONS SYSTEMS 

Severa l  a l t e r n a t i v e  communication systems a r e  i n  p r i n c i p l e  t e c h n i c a l l y  

capable  of s a t i s f y i n g  t h e  communication needs j u s t  descr ibed .  A t e n t a t i v e  

conclusion i n  t h e  l i g h t  of our  p re sen t  s t a t e  of knowledge is  t h a t  communica- 

t i o n  along haulageways may be  e f f i c i e n t l y  provided by one o r  more of t h e  

proposed leaky coax ia l  c ab l e  systems d iscussed  l a t e r .  However, leaky c o a x i a l  

cab le  systems seem incapable  of providing communications c a p a b i l i t y  a t  more 

than 10 t o  20 meters  l a t e r a l  d i s t a n c e  from t h e  cab le .  Thus i n  o rde r  t o  provide 

wide a r e a  communications coverage w i t h i n  t h e  network of tunne ls  i n  a  c o a l  

mine s e c t i o n ,  i t  would be  necessary t o  s t r i n g  cab les  a long most of them. The 

c o s t  and p r a c t i c a l  obs t ac l e s  t o  s t r i n g i n g  a l l  t h i s  cab l e  i n  a  con t inua l ly  

changing s e c t i o n  geography favor  the  app1:ication of UHF rad io  f o r  wide a r e a  

communications w i t h i n  a  s e c t i o n .  There i s  both t h e o r e t i c a l  and experimental  

evidence t o  i n d i c a t e  t h a t  UHF rad io  i s  capable  of providing t h i s  func t ion .  
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Coaxia l  c a b l e ,  r a d i o ,  and low frequency TEM r a d i o  wave t r a n s m i s s i o n  

i n  t h e  s h a f t  a r e  a l l  p o t e n t i a l  c a n d i d a t e s  f o r  p r o v i d i n g  communication i n  

a  mine s h a f t .  No s i n g l e  one of t h e s e  communication t echn iques  h a s  y e t  been 

i d e n t i f i e d  a s  b e i n g  e s p e c i a l l y  advantageous i n  t h i s  a p p l i c a t i o n .  

The communication t echn iques  d i s c u s s e d  f a l l  under t h e  g e n e r a l  d e s c r i p -  

t i o n  of "guided" waves and comprise:  

Wire-less (UHF f r e q u e n c i e s )  

- Coaxia l  c a b l e  w i t h  p e r i o d i c  r a d i a t i v e  s t r u c t u r e s  

( I N I ~ ~ / ~ e l o g n e )  

- Coaxia l  c a b l e  w i t h  h i g h  s u r f a c e  t r a n s f e r  impedance ( b r a i d  

o u t e r  conductor)  

- Coaxia l  c a b l e  w i t h  r e p e a t e r s  

- Wire p a i r s  

- S i n g l e  w i r e  ( i n c l u d i n g  LF r a d i o  p ropaga t ion  i n  mine h o i s t  

s h a f t s )  

It  is  a l s o  recognized t h a t  power-l ine c a r r i e r  communication t echn iques  

a r e  p o t e n t i a l l y  a t t r a c t i v e  f o r  some of t h e  communication a p p l i c a t i o n s  under 

c o n s i d e r a t i o n ;  i t  is  worthwhi le  t o  i n v e s t i g a t e  power l i n e  c a r r i e r  systems 

f u r t h e r ,  however, no s e r i o u s  e v a l u a t i o n  of  them was made i n  t h i s  workshop. 

Power l i n e  c a r r i e r  systems a r e  a l r e a d y  used a long  t h e  t ro l l eyway  i n  some 

mines. 

I n  t h e  fo l lowing ,p romis ing  communication systems a r e  i d e n t i f i e d  and 

t h e i r  c u r r e n t  s t a t e  of development d e s c r i b e d .  Problems and a r e a s  where 

a d d i t i o n a l  d a t a  o r  f u r t h e r  t h e o r e t i c a l  unders tand ing  a r e  needed a r e  l i s t e d ,  

and p r i o r i t i e s  f o r  f u t u r e  development work a r e  sugges ted .  
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UHF Radio (U. S  . ) 
1. State-of-the-Art 

Marked progress  has  r e c e n t l y  been made i n  unders tanding t h e  c h a r a c t e r i s -  

t i c s  and c a p a b i l i t i e s  of UHF r a d i o  wave propagat ion along coa l  mine t unne l s .  

Measurements taken i n  mines by C o l l i n s  Radio i n d i c a t e  t h a t  e f f e c t i v e  communica- 

t i o n  can be  provided throughout most of a t y p i c a l  U.S. c o a l  mine s e c t i o n  by 

UHF r a d i o .  A t h e o r e t i c a l  a n a l y s i s  c a r r i e d  o u t  by Arthur  D .  L i t t l e ,  I nc .  (ADL) 

s t a f f  based upon t h e  hypothes i s  of waveguide propagat ion i s  i n  agreement wi th  

t h e  Co l l i n s  measurements i n  s e v e r a l  important  r e s p e c t s .  The t h e o r e t i c a l  model 

is  be l i eved  t o  r e f l e c t  t h e  b a s i c  s t r u c t u r e  of UHF r a d i o  wave propagat ion i n  

coa l  mine t unne l s ,  a l though i t  i s  p r e s e n t l y  n o t  in tended  t o  g ive  a c c u r a t e  

s i g n a l  l o s s  e s t i m a t e s  around corners  when e i t h e r  t h e  t r a n s m i t t e r  o r  r e c e i v e r  

i s  nea r  t h e  corner  ( l e s s  than  50-100 f e e t ) .  I n  t hose  cases  t h e  model's l o s s  

assymtotes  w i l l  over  e s t i m a t e  t h e  l o s s .  

During t h e  workshop an apparen t  v i o l a t i o n  of t h e  r e c i p r o c i t y  theorem 

was discovered i n  an a p p l i c a t i o n  of t h e  ADL theory  t o  extend C o l l i n s  ~ a d i o ' s  

d a t a  f o r  a  de te rmina t ion  of t h e  e x t e n t  of coverage provided by UHF communica- 

t i o n  w i t h i n  a  s e c t i o n .  This  apparen t  v i o l a t i o n  i s  be l i eved  t o  r e s u l t  from 

an a p p l i c a t i o n  of t h e  ADL model i n  a  regfon where i t  is i n v a l i d ,  namely i n  

t h e  corner  l o s s  s i t u a t i o n  j u s t  mentioned,, The r e c i p r o c i t y  theorem must be  

r e spec t ed ,  and a  ref inement  of t h e  model is needed t o  p r e d i c t  t ransmiss ion  

l o s s  around a  corner  when e i t h e r  t h e  t r a n s m i t t e r  o r  r e c e i v e r  i s  nearby t h e  

corner .  Co l l i n s  Radio has  re-evaluated t h e  sectl .on coverage p r e d i c t e d  f o r  

UHF r a d i o  which can be  deduced from t h e i r  d a t a  and e x t r a p o l a t e d  by t h e  ADL 

t heo ry ,  assuming t h e  r e c i p r o c i t y  theorem ho lds .  The r e s u l t s  of t h i s  computa- 

t i o n  a r e  a t t a ched ;  they a r e  very  encouraging. 

Leaky c o a x i a l  c ab l e  communication systems ope ra t i ng  between 2-20 MHz 

appear  incapable  of p rov id ing  communicati.on a long  cross-cuts  i n  which they 

a r e  n o t  s t r ung ,  and hence appear  both c o s t . 1 ~  and un l ike ly  of implementation 

f o r  communication i n  t h e  g r i d  of many tunne ls  which c o n s t i t u t e  a  s e c t i o n .  

UHF r a d i o  is l i k e l y  t o  be  more e f f e c t i v e  i n  t h i s  s i t u a t i o n  of a r e a l  r a t h e r  

than e s s e n t i a l l y  l i n e a r  o r  t u b u l a r  commun.ication coverage. I n  summary, 
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both  t h e o r e t i c a l  and experimental  r e s u l t s  ob ta ined  t o  d a t e  warrant  f u r t h e r  

development of UHF r a d i o  techniques f o r  providing p r a c t i c a l  communications 

i n  c o a l  mine s e c t i o n s .  

2 .  Fu ture  Development Programs 

(a )  Short-Term 

No measurements have y e t  been taken of UHF rad io  wave propagat ion 

i n  low-coal mines? which c o n s t i t u t e  a  s i g n i f i c a n t  f r a c t i o n  of U.S. c o a l  

mining a c t i v i t y .  These measurements a r e  needed t o  determine i f  t h e  d i f f e r -  

e n t  geometry of low-coal a s  a g a i n s t  high-coal mine tunne ls  permits  p r a c t i c a l  

communication of UHF. 

Addi t iona l ly  information is needed on t h e  i n f luence  of obs t ac l e s  

i n  e n t r i e s  and tunne ls  on UHF r a d i o  wave propagat ion.  I n  a  c o a l  mine 'lob- 

s t a c l e s "  such a s  s e c t i o n  machinery and s h u t t l e  c a r s  a r e  i nhe ren t ly  p re sen t .  

Some of t h e s e  obs t ac l e s  can block t h e  major p o r t i o n  of an e n t r y  and may wipe 

ou t  e f f e c t i v e  communication t o  var ious  a r ea s  of t h e  mine s e c t i o n  a s  they 

move around. Mult ipath propagat ion e f f e c t s  may h e l p  i n  overcoming t h i s  

problem; a t  any r a t e , d a t a  a r e  u rgen t ly  needed. 

Less u rgen t ly ,  i t  would b e  r evea l ing  t o  o b t a i n  UHF propagat ion d a t a  

of h ighe r  f requenc ies  (above 1 GHz) where c r i t i c a l  t e s t s  of t h e  ADL theory ,  

i nc lud ing  t h e  s e l e c t i o n  of t h e  optimum ope ra t i ng  frequency,  would b e  p o s s i b l e .  

I n  p r a c t i c a l  terms these  measurements a r e  n o t ,  a s  a l ready  mentioned, of t he  

h i g h e s t  urgency, a s  t h e  use of a  frequency above 1 GHz f o r  mobile UHF r a d i o  

i s  improbable s i n c e  i t  would e n t a i l  s i g n i f i c a n t l y  more expensive (because 

non-standard equipment).  Standard UHF f requenc ies  f o r  mobile communication 

a r e  i n  t h e  450 MHz band, and t h e  960 MHz band soon t o  be  opened by t h e  FCC. 

It may a d d i t i o n a l l y  be  noted t h a t  t h e  FCC may no t  i n  any case  approve non- 

s t anda rd  UHF f requenc ies  f o r  underground mobile communication, even though 

i n  p r i n c i p l e ,  use  of non-standard f requenc ies  is  accep tab l e  f o r  underground 

use a s  long a s  no leakage t o  t h e  s u r f a c e  occurs .  The b a s i s  f o r  t h i s  a t t i t u d e  

may b e  explained by t h e  ease with which mobile,  a s  a g a i n s t  f i x e d  communications 

gea r ,  may be  taken out  of t h e  mine f o r  persona l  u se .  

*However, t h e  reduced range performance of 420 MHz p o r t a b l e  handy t a l k i e s  
r e c e n t l y  encountered by Bureau of Standards s t a f f  dur ing  a  n o i s e  measurement 
f i e l d  t r i p  t o  a  low c o a l  mine appears  t o  p a r t i a l l y  confirm t h e  s i g n i f i c a n t l y  
h igher  propaga t ion  l o s s  p red i c t ed  f o r  c o a l  mines by t h e  theory .  

8.120 
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The Bureau of Mines should a l s o  d e l i n e a t e  c l e a r l y  t he  a l t e r n a t i v e s  and 

p r a c t i c a l  cons ide ra t i ons  a s soc i a t ed  wi th  t h e  p l ac ing  of t h e  UHF t r a n s m i t t e r  

(and poss ib ly  r epea t e r s )  t o  provide t he  b e s t  communication coverage w i t h i n  

a s e c t i o n ,  t ak ing  account of i t s  continui3lly changing f e a t u r e s .  

(b) Long-Term 

A f u t u r e  s c e n a r i o  may b e  envisaged i n  which a leaky coax ia l  c ab l e  communi- 

c a t i o n  system i s  i n  use along mine haulageways, whereas UHF r a d i o  provides  

communication up t o  working f a c e s .  I n  t h i s  s i t u a t i o n  t h e  e f f e c t i v e  exp lo i t a -  

t i o n  of a l l  t h e  advantages of t h e s e  two communication techniques would be  

enhanced by t h e  a b i l i t y  t o  couple them toge the r .  The techniques ,  c o s t s  , 
and performance of methods p r a c t i c a b l e  t o  accomplish t h i s  coupling should 

be  i n v e s t i g a t e d .  

Leaky Coaxial  Cable Communication Systems (Europe) 

1. State-of-the-Art 

Three major c l a s s e s  of c o a x i a l  cab le  communication s y s  tems designed f o r  

use  i n  mines have been r epo r t ed  a s  being i n  va r ious  s t a g e s  of development i n  

Europe. 

(a)  INIEX/Delogne system (Belgium) employing r e g u l a r l y  spaced r a d i a t i n g  

devices  

Much experimental  and :heo re t i ca l  in,ves t i g a t i o n  of t h i s  sy s  tem has been 

performed inc lud ing  t r i a l s  a t  t h e  Brucetcln, Pa. experimental  mine of t he  USBM. 

The optimum o p e r a t i o n a l  frequency i s  be l i eved  t o  f a l l  i n  t he  range of 2-20 MHz. 

Pro to type  i n s t a l l a t i o n s  a r e  on o rde r  i n  Belgium, a t  a p r i c e  of about $2500/km. 

Firm product ion s a l e s  p r i c e s  a r e  no t  y e t  a v a i l a b l e .  The INI~X/Delogne scheme 

appears p o t e n t i a l l y  s u i t a b l e  f o r  a p p l i c a t i o n  i n  U.S. mines, a l though s e v e r a l  

u n c e r t a i n t i e s  regard ing  performance/cost t rade-of fs  i n  t y p i c a l  U . S .  mine en- 

vironments s t i l l  have t o  be  reso lved ,  a s  d i scussed  below. These u n c e r t a i n t i e s  

a r e  connected i n  p a r t i c u l a r  w i th  t h e  r e s t r a i n t  i n  U.S. mines, i n  c o n t r a s t  t o  

Europe, of having t o  i n s t a l l  t h e  cab l e  c l o s e  t o  t h e  r i b  wi th  consequent in -  

c r ea se s  i n  a t t e n u a t i o n ,  over  a more c e n t r a l  l o c a t i o n  i n  t h e  t unne l ,  and wi th  

t h e  i n f luences  on performance of d i r t  and water  on the  cab l e  and on t h e  r ad i a -  

t i v e  devices  . 

Arthur D Little Inc 



(b) Coaxial  cab l e  wi th  h igh  s u r f a c e  t r a n s f e r  impedance -- s p e c i a l l y  

designed "leaky" b r a i d  o u t e r  conductor (France) 

Theore t i ca l  i n v e s t i g a t i o n s  c a r r i e d  ou t  a t  t he  Univers i ty  of L i l l e  

i n  France i n d i c a t e  t h a t  e f f e c t i v e  communication along s e v e r a l  mi les  of mine 

haulageway may be  achieved by use of a  coax ia l  c ab l e  whose b r a i d  o u t e r  con- 

duc tor  is designed f o r  "optimum" leakage of r a d i a t i o n .  Experimental i n v e s t i -  

ga t i ons  of t h i s  scheme i n  a  French mine a r e  planned t o  b e  c a r r i e d  ou t  i n  a  

few months ' t ime. The optimum o p e r a t i o n a l  frequency is be l i eved  t o  be  

between 5-10 MHz. 

S imi l a r  u n c e r t a i n t i e s  e x i s t  w i th  regard t o  t h e  e f f e c t s  of d i r t ,  

wa te r ,  and proximity t o  t he  wa l l s  of t h e  t unne l  on t h e  performance of t h e  

proposed French scheme i n  U.S. mine environments,as were mentioned i n  t h e  

contex t  of t h e  Belgian cab l e  system. 

( c )  Coaxial  Cable wi th  Repeaters  (U.K.) 

It has  been r epo r t ed  t h a t  c o a x i a l  c ab l e  communication systems in-  

corpora t ing  r e p e a t e r s  a r e  being t e s t e d  experimental ly  i n  t he  U.K.  A t  t h i s  

workshop l i t t l e  in format ion  on the  c o s t  and performance of t h i s  system was 

a v a i l a b l e .  Addi t iona l  u n c e r t a i n t i e s  i n  t he  performance and c o s t  eva lua t ion  

of t h i s  system a r e  in t roduced  by ques t ions  a s soc i a t ed  with t h e  r e l i a b i l i t y  

and m a i n t a i n a b i l i t y  of t he  r e p e a t e r s  t h a t  can r e a l i s t i c a l l y  b e  expected i n  

a  mine environment. 

2. - Future  Development Programs 

(a)  Short-Term 

Progress  achieved i n  Europe i n  t h e  development of t he  coax ia l  c ab l e  

communication systems mentioned above should be c a r e f u l l y  and con t inua l ly  

monitored and eva lua ted .  I n  p a r t i c u l a r , c o s t  e s t ima te s  and f u r t h e r  ope ra t i ng  

performance d a t a  should be  obtained a s  soon a s  pos s ib l e .  
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Nevertheless ,  European r e s u l t s ,  wh i l e  va luab l e  and t o  d a t e  encourag- 

i n g ,  cannot b e  d i r e c t l y  app l i ed  t o  t h e  d i f f e r e n t  environment of U.S. mines. 

I n  p a r t i c u l a r  i t  appears  imposs ib le  t o  i n s t a l l  communication cab les  i n  U.S. 

mines i n  t h e  l o c a t i o n s  recommended by European r e s e a r c h e r s .  S p e c i f i c a l l y  

cab les  w i l l  have t o  b e  i n s t a l l e d  c l o s e  t o  t h e  r i b s  o r  w a l l s  of t unne l s .  

Accordingly d i f f e r e n t  a t t e n u a t i o n  r a t e s ,  and correspondingly d i f f e r e n t  

optimum ope ra t i ng  f requenc ies  o r  t rade-of fs  between t h e  r a t e  of "leakage" 

of power and t o t a l  communication system length  may p r e v a i l  than  i n  t h e  

European s i t u a t i o n .  Experimental  i n v e s t i g a t i o n s  i n  U.S. mines wi th  t h e  

proposed European c o a x i a l  c ab l e  systems a r e  r equ i r ed  b e f o r e  t h e i r  app l i c -  

a b i l i t y  i n  t h i s  country can be  d e f i n i t i v e l y  confirmed o r  denied, and i f  

confirmed, o p e r a t i o n a l  s p e c i f i c a t i o n s  w r i t t e n  ( f requency,  des ign  of r a d i a t i v e  

s t r u c t u r e  o r  "leaky" o u t e r  conductor ,  and s o  f o r t h ) .  

(b) Long-Term 

A s  was d i scussed  i n  t h e  s e c t i o n  o:n UHF r a d i o ,  techniques  f o r  coupl ing  

c o a x i a l  c ab l e  systems t o  UHF r a d i o  commun~fcation should b e  i n v e s t i g a t e d .  

Simple Wire Sys tems (Europe) 

1. Wire P a i r s  

The t e c h n i c a l  f e a s i b i l i t y  of communic:ation v i a  waves propagated along 

w i r e  p a i r s  i s  w e l l  e s t a b l i s h e d ,  and t h e  coupl ing between and c h a r a c t e r i s t i c s  

of t h e  unbalanced and balanced modes of p ropaga t ion  a r e  w e l l  unders tood.  How- 

eve r  t h e  s e n s i t i v i t y  and l a c k  of r e s i s t a n c e  of s imple  w i r e  p a i r s  t o  t h e  d e l e t e r i -  

ous e f f e c t s  of t h e  mine environment ( d i r t ,  wa t e r ,  rough handl ing)  t end  t o  

r u l e  them o u t  a s  p r a c t i c a l  implementations of in-mine communication systems.  

2 .  S ing l e  Wire 

A s i n g l e  w i r e  communication system is  i m p r a c t i c a l  a s  a  s o l u t i o n  t o  a  

mines' o p e r a t i o n a l  communication needs a long haulageways o r  i n  s e c t i o n s ,  a l -  

though a  s i m i l a r  t ype  of communication system ope ra t i ng  i n  t h e  low frequency 

(LF) range ho lds  promise f o r  use i n  mine s h a f t s .  
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Low Frequency Radio i n  a  Hois t  Shaf t  (u. s .) 

Theore t i ca l  i n v e s t i g a t i o n s  a t  ADL have analyzed t h e  propagat ion of LF 

r a d i o  waves i n  deep (10,000 f e e t )  h o i s t  s h a f t s  i n  which the  h o i s t  c ab l e  is  

t h e  only metal  conductor p r e s e n t .  Propagat ion l o s s e s  of approximately 2dB 

over  10,000 f e e t  a t  f requenc ies  near  50 kHz have been computed. This  i s  

a  very encouraging r e s u l t .  

2. Fu ture  Development Programs 

(a )  Shor t-Term 

Two d i f f i c u l t i e s  wi th  r e s p e c t  t o  LF propagat ion i n  h o i s t  s h a f t s  

have been i d e n t i f i e d .  F i r s t l y ,  t h e  l a r g e  pene t r a t i on  of t he  wave i n t o  t h e  

rock o u t e r  conductor may p re sen t  a  problem with regard t o  coupling the  t r ans -  

m i t t e r  o r  r e c e i v e r  t o  t h e  t ransmiss ion  l i n e  with a  minimum of i n s e r t i o n  l o s s .  

The amount of t he  i n s e r t i o n  l o s s  t h a t  can be t o l e r a t e d  has  no t  y e t  been spec i -  

f i e d ;  i t  may b e  q u i t e  l a r g e ,  i n  view of t h e  remarkably low t ransmiss ion  l o s s e s  

ca l cu l a t ed .  The coupling problem m e r i t s  a t t e n t i o n  t o  determine,  f o r  example, 

how c l o s e l y  t o  t h e  t h e o r e t i c a l  d i s t r i b u t i o n  of t he  v e r t i c a l  component of cur- 

r e n t  d e n s i t y , i n  t h e  fundamental propagat ion mode, should t he  a c t u a l  d r i v i n g  

cu r r en t  be  d i s t r i b u t e d .  

Secondly, i n  o rde r  t o  minimize r e f l e c t i o n s ,  both ends of t h e  h o i s t  

cab le-shaf t t ransmiss  i on  sys  tem mus t be terminated i n  approximately t he  char- 

a c t e r i s t i c  impedance of the  t ransmiss ion  l i n e .  Fu r the r  work i s  needed t o  

r e so lve  t h e  ques t i on  of how, how w e l l ,  and how expensively matching termina- 

t i o n s  may b e  provided. 
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